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Abstract 
Access to affordable sustainable energy is critical for socio-economic human development. 
Energy poverty is most predominant for populations in rural areas of developing countries, 
typically the global south. Successful sustainable development requires technology and 
business innovations to reach these populations and empower them to improve their quality 
of life. Off-grid electrification strategies and productive energy use (PEU) appliances are a 
means of increasing energy access, fostering income generating activities. PEU appliances 
typically range from charging mobile phones to running equipment such as grain milling- or 
rice husking machines requiring several kilo-watts. Solar home systems (SHS) are an 
affordable off-grid electrification solution that have reached millions in rural areas. However, 
SHS has limited tier energy access, whereas microgrid solutions are more often effective in 
higher energy access but considerably more expensive and difficult to properly size for 
future energy demands. Swarm electrification is an innovation electrification strategy done 
by Solshare, that interconnects existing SHS in a community and allows the excess energy 
of the households SHS to be bought and sold through a bi-directional DC/DC smart 
controller. A swarm electrified microgrid is scalable and utilizes existing infrastructure while 
increasing the tier of energy access. The first objective of this thesis was to understand if 
swarm electrification could benefit from all the same opportunities as SHS for PEU and if it 
could overcome the limitations. The second objective was to create a robust methodology to 
economically and technically integrate a small- and a medium-sized PEU appliances into a 
swarm microgrid. The first objective was accomplished by conducting interviews with 
stakeholders working directly or indirectly with SHS. Depending on the geographical location 
of stakeholder operations, the specific incoming-generating benefits, (agriculture, services, 
industry, etc.) varied, but were all dependent on the capacity of the SHS, which was also 
repeatedly stated as a critical limitation. Challenges facing SHS for PEUs include financing, 
component quality, and knowledge of how to effectively use the SHS. The second objective 
utilized field data from a Selco India designed AC microgrid for Bochai Colony to design a 
theoretical swarm microgrid. Solshare’s swarm simulation program was used to visualize the 
energy exchange between households in the designed swarm microgrid. The methodology 
created was applied on the case study of Bochai, firstly resulting in one 750W and one 
7.5kW wheat milling machine selected to be analyzed. The PEU appliances were each 
integrated into the theoretical swarm microgrid and the simulation results were studied. The 
small-sized appliance was integrated with 334 days of operation and the medium-sized 
appliance with 44 days. As part of the methodology, the payback period was assessed and 
both of the PEU appliances had payback periods under 3 years, which is desired for wheat 
milling machines. Based on the assumptions and data for Bochai Colony, the PEU 
appliances were economically and technically integrated into the swarm microgrid. In 
addition to the two main objectives, the capital cost for the AC microgrid versus swarm 
microgrid as well as affordability for Bochai community was analyzed. Swarm microgrids with 
new SHS had same cost order of magnitude as the AC microgrid. The cost of microloans for 
the SHS in the swarm microgrid was more affordable for households, compared to the 
electricity tariff paid for the AC microgrid, if the household electrical loads consisted of more 
than 2 LED lights and a mobile phone charger. Therefore, considering the households 
electrical demand is likely to increase, it would be more beneficial to implement swarm 
electrification. The PEU appliance simulation results and the high-level economic cost 
comparison of the swarm microgrid compared to the AC microgrid for Bochai, were shared 
with Selco India and Solshare. As a result, Selco is considering implementing a wheat milling 
machine for Bochai community based on the approximate positive results of the payback 
periods. Furthermore, because of the results highlighting the opportunities of swarm 
electrification, Solshare and Selco India will look at completing rural electrification projects 
together in India in the future.  
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1 Introduction 
Energy is a critical service highly interconnected with human well-being and is a critical 
requirement for socio-economic development [1] .The United Nations have identified this key 
factor and have established the Sustainable Development Goal (SDG) 7 to be “affordable and 
sustainable energy access for all”. Rural populations in developing countries depend on 
traditional fuels for energy which have negative effects such as health problems, time-
consuming collection, and increased gender inequality [2]. Eliminating usage of traditional 
fuels decreases greenhouse gases which helps to mitigate climate change. However, a large 
part of the world´s population does not have reliable access to electricity. No electricity means 
no water pumps for clean water and irrigation, no milling or sewing machines, no means to 
charge mobile phones, shorter hours of operations for shops, and companies that might have 
provided employment are kept away. Therefore, increased access to modern energy services 
is very important but is also a considerable requirement for economic development in a 
country.  
Technology innovations around renewable energy-based microgrids and stand-alone 
solutions are providing developing rural areas with cost competitive decentralized energy 
access [3]. Solar home systems (SHS) have been mostly used to cover basic energy needs 
as a first step towards leaving energy poverty for those in developing countries. After taking 
this first step up the energy access ladder, one possible effect is electricity demand can 
increase due to energy savings from not buying traditional fuels, which allows people to 
purchase more appliances and gives opportunities to foster new enterprises [4]. However, 
productive energy use (PEU) applications using SHS can be rarely found among practitioners. 
An example of PEU would be SHS being used for mobile phone charging businesses or for a 
small milling machine to add value to a raw agriculture product. Larger SHS could power small 
refrigerators to extend the longevity of products, however this is more challenging because 
refrigerators are quite expensive [5]. SHS are limited regarding reaching a high tier of energy 
access. Decentralized microgrids offer a higher tier of energy access, however in sparsely 
populated rural areas this solution could be an expensive investment. Considering the 
advantages and disadvantages of these two decentralized methods, an ideal scenario would 
be to have a solution that encompasses the advantages of both. Swarm electrification is an 
innovative decentralized bottom-up electrification approach for building up microgrids [6]. This 
electrification strategy interconnects existing SHS to allow electricity sharing between 
households (HH), enabling the participants to earn real-time money when they sell their 
excess electricity. Swarm electrification is based on DC microgrids coupled with an intelligence 
network that balances the electricity demand and supply to limit excess between SHS.  
In the field of SHS, there are many research studies on the advantages and disadvantages of 
SHS for PEU [7] [8] [9]. Research has also been done on multi-criteria decision making for 
implementing swarm electrification in communities as well as quantifying the potential and 
benefits of swarm electrification [10] [11]. Additionally, a swarm microgrid simulation model 
has been developed to optimize swarm electrification microgrids in terms of topology, 
generation, and load capacity [11]. This previous model completed was used to examine how 
to achieve a more efficient power flow to reduce excess energy and improve supply to 
consumers [12]. Currently, swarm electrification is being implemented in specific locations in 
Bangladesh and a modular software is being designed to help in the planning of 
implementation of swarm electrification. The high-level process of this modular program would 
include: calculating energy balance of generation and demand based on solar power inputs 
and locals load demands, implementing a decision model for the consumer/producer to sell or 
buy, simulating droop control for power flow of a swarm grid, and provides the excess/deficit 
system energy [13].  
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1.1 Scope and Objectives 
This research intends to assess the technical feasibility of swarm electrification to foster 
productive energy use in rural areas. Initially specific use cases of SHS and their limitations 
for increasing economic prosperity in rural areas will be explored. As described in the following 
section, this will be accomplished by examining previous studies, consulting specialized 
stakeholders and analyzing field data from existing villages in target regions to identify the 
types of SHS used and their potential to generate income. SHS are the fundamental 
component to the swarm electrification strategy and by studying their advantages and 
limitations for PEU, it can be better understood if swarm microgrids can address these 
limitations while still having the same advantages. 
The second part of this research will analyze the technical feasibility of integrating medium-
size PEU loads into a microgrid based on swarm electrification to boost income-generating 
activities. For this purpose, aspects such as needed SHS expansion requirements based on 
excess energy availability projections in the microgrid and the impact on the electrical stability 
of the network, among other factors, will be specially analyzed. 
In summary, in order to provide insights in the technical and economic feasibility of fostering 
productive energy use of swarm electrified microgrids in rural communities in developing 
countries, this paper will: 
 Highlight the importance of rural electrification in developing countries, describe the 
multi-tier frame work and decentralized electrification techniques for rural areas  
 Define swarm electrification and describe the/a simulation tool previously completed 
for swarm microgrids 
 Evaluate the limitations of SHS for PEU through research and consulting stakeholders 
in the field of energy access and rural electrification 
 Develop a methodology for the addition PEU appliance into swarm microgrid by 
analyzing system and necessary SHS expansion requirements for excess energy 
availability 
 Analyze a case study on Bochai, a small colony in India, utilizing the developed 
methodology and assessing the payback period of the PEU appliance for the 
community (in addition to complete a comparative economic analysis of the proposed 
integration solution) 
1.2 Research Questions 
The research questions that this study seeks to address is:  
What are the opportunities and limitations of utilizing SHS for PEU in rural areas of 
developing countries? 
How can a PEU appliance be integrated into a swarm electrified microgrid? 
1.3 Methodology 
As mentioned in the previous sections, this study is composed by two main parts. The first 
one focuses on identifying the opportunities and limitations of utilizing SHS for PEU to 
understand if swarm microgrids could take advantage of these benefits while overcoming the 
limitations. In order to evaluate the characteristics, opportunities, and limitations for SHS and 
productive activities, practitioners/consultants in the field of sustainable energy development 
were surveyed, primarily regarding productive energy usages of SHS from their respective 
professional experiences and insights. Interviews were conducted with participants who each 
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had their main operations in different continents in order to collect qualitative information on 
productive energy use of SHS in several developing countries. In addition to personal 
contacts, interviewees were selected from contacts of MicroEnergy International GmbH.  
The interviews were regarding the following topics: 
 Association with SHS (Direct/Indirect) 
 Geographical footprint of SHS implementation 
 Size and features of SHS implemented 
 Productive activities directly related to SHS 
 Future plans to foster more productive activities  
 Risks, barriers, and limitations associated with SHS and productive energy use 
The second part of the study focuses on creating a methodology to assess the feasibility of 
integrating a PEU appliance into a swarm electrified grid then applying this method to a case 
study of Bochai colony in India and analyzing the proposed solution. Whether it is feasible to 
integrate a PEU appliance into a swarm microgrid is based on the energy excess available 
and additional energy required to run the appliance as well as the affordability and payback 
period of integrating the PEU appliance. The key outcomes from the methodology aims at 
answering the following questions: 
What type and size of PEU appliance is best suited for the local swarm electrified grid? 
 
What are the current electrical load demand characteristics of the grid? 
 
When is there excess energy not being sold or bought? 
 
Can the PEU appliance chosen run only with excess energy or will more generation be 
required? 
 
Is it economically feasible to integrate the selected PEU appliance currently? 
 
For answering these questions, the methodology was developed through research and 
stakeholder interviews which will be described in detail in the following chapters. The 
developed methodology was then used on Bochai Colony in India utilizing project data for a 
AC PV centralized microgrid provided by Selco India. PEU appliances under 1 kW (small 
sized) and above 5 kW but below 10 kW (medium sized) were selected to be integrated into 
newly designed swarm electrified microgrid for Bochai. To the best of the writer´s knowledge, 
the only operating swarm microgrid is in Bangladesh and no electrical loading data is available 
currently for study, therefore, with the data provided by Selco India, a theoretical swarm 
microgrid was designed for the purpose of this study. In addition, in order to better understand 
the two electrification solutions of AC centralized off-grid vs. swarm electrified microgrids for 
Bochai colony, a comparative economic analysis was completed. Although this was not one 
of the key objectives, the paper revolves around understanding that swarm electrification is 
an innovative alternative to AC microgrids for rural areas with a minimal risk of investment as 
mentioned in section 2.3.5. Thus, with the access to real project data from an AC microgrid 
this research may be able to complete a high-level assessment of the capital investment of a 
AC centralized off-grid compared to a swarm electrified solution for Bochai. 
  
10 
 
2 Rural Electrification and Productive Energy Use 
The purpose of this chapter is to provide motivation for sustainable energy and a description 
of the World Bank Multi-Tier criteria for energy assessment, to define PEU and its importance, 
and to justify solar energy increase in market share. In addition, an overview of stand-alone 
and stand-alone energy technologies integrated in a decentralized microgrid will be described 
as well as how to size batteries and PV panels for stand-alone systems based on demand 
assessments in order to understand how the Bochai HHs’ stand-alone systems were designed 
for the case study.  
2.1 Energy Poverty  
Despite the vital importance of energy access, it was reported in 2014 that around 2.7 billion 
people did not have access to modern energy services and approximately 1.3 billion people 
did not have access to electricity [14]. The vast majority of these people are located in rural 
areas in the global south:  Sub-Saharan Africa, developing Asia, and South America. Many 
developing countries have little infrastructure to ensure reliable electricity for their populations.  
Centralized grid electricity is often an amenity available to urban population in cities, however 
a large percentage of the population in developing countries work as farmers in rural areas. 
Populations in rural areas lack energy access and this confines people in poverty giving them 
limited opportunities to escape.  
2.1.1 Sustainable Development Goals 
 
In 2012, the United Nations launched the Sustainable Energy for All Initiative (SE4ALL), 
aiming to ensure universal access to modern energy services as well as doubling both the 
rate of improvement in energy efficiency and the share of renewables in the global general 
energy mix. The intended outcome of SE4ALL was to support an environment in which 
renewable energy could grow to provide a sustainable future for human life. In September 
2015, the Intergovernmental Negotiations 2030 announced the Sustainable Development 
Goals (SDG) which are a set of 17 agreed inter-governmental targets (figure 1) that balance 
between three dimensions of sustainability: SOCiety, economy and environment [15].  
 
 
 
Figure 1: Sustainable Development Goals [16] 
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SDG 7 “Affordable and clean energy for all” was initiated in order improve people´s SOCio-
economic status by taking steps up the energy access ladder.  
2.1.2 Sustainable Development  
 
The SE4All Finance Committee estimates that “US$45 billion are required annually to achieve 
universal electricity access by 2030, a four-fold increase in 2010 spending of US$9 billion” 
[14].  In order to maximize impact, the International Renewable Energy Agency (IRENA) has 
identified four fundamental target areas (figure 2): policy and regulatory frameworks; 
institutional framework; financing and business models; and technology [17]. 
 
  
 
 
Figure 2: Target Areas for Sustainable Development [17] 
Policy and Regulatory Frameworks:  
 Off-grid renewable energy solutions to be incorporated into rural electrification 
strategies 
 Strategies should identify areas to be reached by central grid within reasonable 
time period 
 Centralized electricity sector should be adapted to support off-grid renewable 
energy development 
 Incentive structures need to be designed to attract investment and encourage local 
enterprises to contribute to sustainable market development 
 
 
Institutional Frameworks:  
 Ministries, agencies, or institutions with mandate to support rural electrification strategy 
with purpose of coordinating stakeholders, documenting processes and procedures, 
managing the project approval process, delivering capacity building 
 Clearly defined roles and responsibilities and have adequate technical knowledge and 
skills to identify capacity gaps 
 
Financing and Business Models:  
 Solutions tailored to local SOCio-economic conditions that fit HH income balance 
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 Access long term affordability to deliver products at low cost  
 
Technology:   
 Generation systems should have scalability, customisation and innovation involved 
in design 
 Control and demand-side management are important aspects for innovative 
technology system 
 
These four target areas have been progressively worked on by both public and private sectors, 
creating innovative technology and business model solutions for rural electrification in 
developing countries. There are either centralized or decentralized solutions. Off-grid solutions 
have been implemented for approximately one billion people [16]. 
 
While steps are being made to increase electrification rates, more is needed to dramatically 
increase the electrification and reach the poorest demographic segment [18]. In order to 
maximize impact, not only will public and private sectors have to continue to increase 
effectiveness on providing energy access but also a crucial third sector “energy drivers” has 
to be created/set in place/supported, of whom the development is carried out for needs to be 
empowered. Target communities and collectives for energy development should be seen as 
drivers of their own potential and empowered to secure their needs from the bottom up [18].  
 
2.2 Productive Energy Use  
There is yet to be a concrete definition of Productive Energy Use (PEU). PEU can cover a 
broad spectrum of activities from ‘consumptive use’ such as use of energy services for private 
entertainment or HH lighting to ‘community services’ such as powering schools or hospitals. 
Some practitioners and researchers argue PEU includes only activities which directly increase 
income, while others understand PEU as an activity that increases quality of life though 
bettering health or education systems. 
 
For this thesis, the definition of productive energy use will be taken from the Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ) and be defined as “agricultural, 
commercial and industrial activities depending on energy services as a direct input to the 
production of goods or provision of services.”  GIZ further defines PEU as promoting SOCio-
economic development and differentiating from ‘consumptive use’ which is the use for energy 
services for private entertainment [19]. PEU empowers and strives closer to improving the 
standard of living for energy drivers. Populations who are engaged in PEUs are able to 
generate income and further step away from energy poverty.  
2.2.1 Productive Energy Use Appliances 
DC microgrid systems are becoming more prevalent in rural areas because to maintain energy 
efficiency by avoiding inverters for common DC appliance and avoiding issues of 
synchronization with electrical loads which needs to be consider for an AC microgrid [20]. Due 
to this advantage, more DC appliances are being developed for rural areas that are highly 
efficient and of human-centered design [19]. In response to this, GIZ developed a 
comprehensive catalog of productive use appliances for micro-enterprises. The catalog is 
divided into 10 sections of types of appliances based on research into the usage of the 
productive energy appliances. The sections are as follows [19]: 
 
 Livestock breeding 
 Food Production – Water 
 Food Processing - Milling 
 Food Storage – Cooling 
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 Food for Sale 
 Tailoring 
 Workshop Tools 
 Media & Entertainment 
 Energy Services – Charging, metering, and measuring 
 Haircutting & Other Services 
When assessing the appropriate PEU appliance for a specific site it is critical to account for 
the local resources, businesses, and limitations. For example, implementing a solar milking 
machine at a small village, whose main business was fishing and did not have the land for 
cattle, would be considered a waste of investment. In order to have a large and positive impact, 
it is therefore important to assess the geographical resources before choosing a PEU 
appliance to be implemented. 
2.3 World Bank Multi-Tier Framework  
 
It is inaccurate to quantify energy poverty of a population through the binary measure of if 
there is or is no central grid connection [21].  Populations with decentralized energy solutions 
implemented are referred to as the “temporarily on/off-grid sector” and would not be included 
in national statistics [6]. In response to this, the World Bank Energy Sector Management 
Assistance Program (ESMAP) has developed a new multi-tier framework for defining and 
measuring access to energy. The scope of the multi-tier framework is broad and encompasses 
productive energy use engagements, the quality of energy, and energy for HHs and 
community facilities [21]. Figure 3 illustrates the attributes that are evaluated based on the 
multi-tier framework. 
 
 
Figure 3 Hierarchy of Energy Access Indices [21] 
 
The multi-tier framework is a comprehensive tool to assess energy access universally 
regardless of geographical location or political situation. Energy access is ranked by five tiers 
(0 to 5) according to empirical thresholds based on both qualitative (duration, affordability) and 
quantitative attributes (peak available capacity) [21]. Previously, energy access was assessed 
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based on a binary metric of on/off grid, but these approaches did not account for quality, 
reliability or quantity of electricity nor other forms of energy. 
 
Figure 4 displays the multi-tier matrix for HH electricity access which the survey’s questions 
can be based on to assess the initial and process status of electrical capacity, duration, 
reliability, quality, affordability, legality, and health and safety [21]. 
 
 
 
 
Figure 4 Multi-tier Matrix for Access to HH Electricity Supply [21] 
2.3.1 Multi-tier framework PEU Loads 
There are multiple types of different productive energy uses with varying scales of operations 
and varying degrees of mechanization. PEU varies from cell phone charging services to 
blacksmith shops and crop irrigation industries. In addition, the level of PEU is interconnected 
to the business operations, meaning if a business has stakeholders such as financiers, trade 
institutions, or marketers, these attributes further shape the businesses productivity. The 
various productive energy uses and businesses make it difficult to devise a common metric 
for energy access.  Therefore, this paper will focus on determining the level of PEU utilizing 
the World Bank Multi-tier criteria unbiased of business attributes or factors. 
 
The multi-tier framework for productive energy use (figure 5) examines energy supply and the 
critical energy applications [21]. Individuals are surveyed for their key productive energy 
usages and energy needs are proposed. This was done because measuring productive 
usages of energy is very difficult when considering the multiple productive enterprises, the 
various scales of operations, the numerous energy applications and the multitude of energy 
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suppliers. Several productive activities such as small shops or agriculture can be calculated 
by taking the average tier level of the respondents engaged in those activities.  
 
 
 
 
Figure 5 Multi-tier Matrix for Productive Energy Use [21] 
 
Figure 5 shows the nine attributes of the multi-tier framework that determine the usefulness of 
the supply for each application needed for the productive activity. Access to energy is first 
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assessed for each application separately. The lowest tier among all applications in any given 
location determines the energy access rating for the productive use as a whole.  
 
The individual assessment approach for productive engagements is less accurately reported 
for larger enterprises, but is mainly designed and better suited for countries with a sizable 
percentage of informal, micro- or small sized enterprises.  
 
2.3.2 Limitations of Multi-Tier Methodology 
 
The multi-tier methodology is a step forward in assessing better a population´s access to 
energy, but it has gaps and limitations. The gaps and limitations of the Multi-tier Framework 
are the following: 
 
 Multi-tier approach: the methodology is complex and has thresholds that practitioners 
view as subjective. Different attributes cannot be improved simultaneously across tiers 
because they are independent of each other, although several cases of increasing 
attributes standards deliver improved performance of the system. 
 Data-collection approach: Requires extensive collection of data which can be expensive 
such as surveying. 
 Mathematical formulation of indices of energy access: Converts ordinal values of different 
tiers into generic values of energy access. The conversion is not mathematically robust.  
 
- Energy Poverty, sustainable energy development, multitier frame work -> off-grid 
electrification solar energy, demand assessment, sizing off-grid systems, off grid systems. 
Although there are many limitations with the Multi-tier Framework, it is recognized as a 
currently one of fairest means for assessing energy access in developing countries. As 
mentioned previously, in developing countries with the varying reliability of electricity from the 
grid and the increase of off-grid solution for rural areas, the Multi-tier Framework is becoming 
more widely used. It is a complimentary tool for sustainable energy development and off-grid 
electrification. 
2.4 Off-grid Electrification 
Off-grid electrification is an attractive alternative for geographically remote and sparsely 
populated areas. Electrification solutions through decentralized methods can improve living 
conditions and reduce energy expenditure [22]. According to IEA projections, it is expected 
that 60% of HHs that are currently living in rural areas without access to national grids will 
obtain electricity through off-grid options by 2030 [14].The following sections will justify solar 
energy as well as provide an overview on demand assessment, stand-alone battery and PV 
system sizing. The Bochai case study will use the practices for demand assessment, stand-
alone battery and PV system sizing described in this section. In addition, highlight two 
decentralized methods: stand-alone solar home systems and microgrids. The advantages and 
limitations of both off-grid solutions will be described. 
 
2.4.1 Solar Energy  
Solar energy is the fastest growing renewable energy source for off-grid solutions [23]. Solar 
photovoltaics (PV) accounted for 20% (47GW) of all new power generation capacity in 2015 
with a total of 220 GW installed capacity (figure 6) [17]. Solar PV is seen from large-scale 
utilities to micro-grids to rural rooftops and from megacities to small islands and isolated 
communities.  
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Figure 6 Solar PV: Global Installed Capacity [17] 
The primary reason for the wide spread of solar energy solutions is the decreasing cost of PV 
technologies. Before 1990 PV solutions costed USD 0.06-0.10 per kilowatt-hour (kWh) in 
Europe, China, India, South Africa and in 2015 in United Arab Emirates USD 0.0584/kWh [23]. 
In addition, PV solar technologies are modular in design, making them scalable for local 
conditions ranging from HH solar lanterns to community microgrids [1]. 
2.4.2 Demand Assessment of Communities  
Demand assessments and determining the load profile in rural areas need to be performed 
properly to assess the power capacity required to meet the requirements of the population. 
The following five essential factors should be considered when assessing demand in an 
location: load factor, day time load, night time load, peak load, seasonal variation [22]. 
 
 Load Factor: The average load divided by the peak load in a specific time period.  
 
 Day Time Load: The hours per day in which the appliances are used need to be 
estimated considering the current and potentially future appliances after increasing the 
electrification tier. 
 
 Night Time Load: To supply power after sunset can be done through a battery system 
or diesel generator. It is a challenge because the main load demand rises in the 
evening due to lighting and other electrical loads running at the same time. Therefore, 
it is critical to estimate the night time load to determine the optimum size of the battery 
system and the run time of the generator. 
 
 Peak Load: The peak loads are commonly experienced in the evening. The size of 
off-grid inverters and power generators are dependent on the night load/peak load. 
 
 Seasonal Variation: During summer, the demand for electricity is high as cooling 
loads add to the lighting load and in addition the run time of the cooling loads are higher 
than lighting loads. During winter, the cooling load is not present but other loads may 
be needed. 
 
18 
 
Unfortunately, due to lack of information, seasonal variation of demand could not be 
considered in the case study of Bochai colony. 
2.4.3 Stand-alone PV Panel & Battery Sizing 
When utilizing PV solar technology, the solar radiation is converted into electricity to be 
supplied to loads. In order to properly utilize the PV modules, the total peak wattage of the PV 
array should be calculated. The total peak wattage is the maximum power the PV array can 
deliver at a time instant and this depends on the number and power rating of the PV panels. 
Equation 1 calculates the total peak wattage based on the total daily energy consumption, 
solar irradiation and efficiencies of the system [24]: 
௉ܹ௏ =
ா೅೚೟ೌ೗
௉ௌு∗ ఎೄ೤ೞ೟೐೘
               (1) 
 
 
WPV  - Total Peak Wattage of the PV array [W] 
ETotal - Total daily energy consumption [Wh] 
PSH - Peak Sunshine Hours 
ηSystem - Efficiency of the system 
It is recommended to use a single PSH with the lowest solar radiation at the optimum tilt angle 
when the load is constant for all the months [25]. In this way, the worst-case scenario for power 
generation from the PV configuration will be known ensuring the electrical load´s running 
reliability. The efficiency of the system has losses due to heat and electrical voltage difference 
which vary depending on the situation. 
Battery banks are an important design aspect for both stand alone SHS and microgrid designs. 
The battery bank impacts the reliability and stabilization of the decentralized system. For this 
reason and to allow for more flexible systems, properly sizing battery banks for microgrids is 
a critical design consideration. The most common storage technology for decentralized grid 
systems is the deep cycle valve-regulated lead acid (VRLA) batteries due to its high efficiency, 
very low maintenance, and low cost [26]. Other battery technologies are becoming more viable 
as an option as well such as Lithium-ion batteries. When sizing the batteries for a microgrid, 
parameters such as the daily energy requirements, depth of discharge (DoD) and required 
days of autonomy need to be chosen [27]. In addition, considerations such as efficiency, 
dimensions, weight, response time, discharge/charge rates, lifetime, operating temperature 
range and costs should be factored in to properly select the battery [28]. Once the type of 
battery has been chosen and the required variables have been determined, the minimum 
battery capacity can be calculated by using the following formula [8]: 
 
 
ܥே =  
஺್ೌ೟೟∗௅
஽௢஽∗௏
             (2) 
 
 
CN – Capacity [Ah] 
L – Power required for the day [W/day] 
Abatt -  Days of autonomy of the battery [day] 
V - System voltage [V] 
DoD - Maximum allowable depth of discharge of the battery 
 
The above equation is based on the total daily energy requirements of the microgrid, taking 
into consideration that the battery should never be discharged below its DoD. For most lead 
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acid batteries, 50% of its capacity is the maximum DoD as any time more will decrease the 
lifetime of the batteries significantly [26]. Another important parameter to consider is the 
battery capacity. For example, the larger the capacity, the greater the autonomy and the higher 
the degree of reliability. However, this will increase considerably the investment cost, while on 
the other hand a smaller battery needs to go deeper more frequently and thus reducing the 
life of the battery [8]. For these reasons, commonly the capacity of the batteries is increased 
by 10% to 25% to consider such uncertainties [29]. 
 
 
2.4.4 Solar Home Systems 
Stand-alone solar home systems are off grid and autonomous solar photovoltaic (PV) based 
energy systems. Stand-alone systems are typically used for geographical remote locations 
and can utilize renewable energy sources such as wind and solar as well as diesel generation 
[30] . 
 
 
Figure 7 Solar Home System Diagram [11] 
 
A SHS is a small-scale electricity generation system which is typically operated and used by 
the same HH. Figure 7 illustrates the main components which are the following: PV panel, 
battery, a solar charge controller and electrical loads. The PV module ranges in size up to 250 
Wp and 90% of the PV modules are made of C-Si solar cells [23] .Commercially available C-
Si solar cells have an efficiency of approximately 21-23% [23]. PV modules should be 
arranged in such a way so the overall voltage level is the input voltage of the controller. The 
battery is typically low voltage lead-acid and may be oversized in capacity to have a hold-over 
time to provide continuous power to electrical loads over night and over cloudy periods in a 
day. Solar home systems are often oversized to provide higher reliability and thus there is 
excess energy during many parts of the day. The batteries are fully charged but the PV panel 
is still generating electricity. However, the independent solar home system for a single HH 
lacks flexibility for energy usage times [25]. The charge controller is the principal component 
that connects and controls the flow of power from/to the PV panel, battery and electrical loads. 
It is advantageous for energy efficiency to have all electrical loads connected to be DC 
because the power supplied by the SHS is DC. However, DC appliances are often 
unaffordable although there has been much development progress in the recent years [31]. 
Inverters would be used to allow the integration of more common AC appliances.  
 
Further description of the opportunities and limitations of SHS will be examined in section 4 of 
this thesis. 
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2.4.5 Microgrids 
A microgrid is a small-scale electricity generation and distribution system, which can be 
powered by local generation through renewable energy and conventional fuels (diesel) (Figure 
8). The system has a size in a range from 1 kW to 5 MW and it has the potential to provide 
electricity to both HHs and businesses [22]. Operational management of a microgrid is done 
through utilities, private companies or communities. 
 
 
 
Figure 8 Hybrid Microgrid System [11] 
Topology of a microgrid can be arranged in three main ways: radial, ring or mesh. AC grids 
are most often designed as a low voltage AC grid (220 or 380 V). AC microgrids are the most 
common technology approach but DC microgrids can potentially reduce costs and some 
inefficiency sources when the electrical generation is DC [19]. In sparsely populated rural 
areas, DC microgrids are sometimes more favourable due to the reduction of costs and energy 
losses when compared to AC microgrids. During the planning stage of designing a DC grid, a 
voltage equalization DC/DC converter is needed and all electrical appliances should have a 
lower voltage level than the distribution network. In addition, standardized plugs are an added 
component with considerable benefits because it ensures the right appliance is connected to 
the correct voltage.  
 
Microgrids can operate as stand-alone or can be connected to a central grid if available. When 
integrating into the main grid, advanced power electronic conversion and control capabilities 
are necessary to integrate communication between all components into a coordinated 
microgrid management system which is very costly. Regulatory barriers exist such as lack of 
interconnection rules with the main grid and sometimes prohibition of bi-directional power flow 
between microgrid and the central grid.  
 
Planning and implementing a microgrid is more involved than a stand-alone SHS with the 
various sizes and types of loads and connection nodes. However, they are more reliable than 
SHS and can potentially supply larger electrical loads [32]. In addition, compared to extending 
the central grid, they have the benefit of lower cost/kWh and have lower transmission and 
distribution costs. Although microgrids have improved power reliability and decrease energy 
costs for users, there are still barriers reducing its growth potential. A reliable demand 
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assessment at static conditions (not transient) is critical for proper sizing and making a return 
on investment. Proper sizing of a microgrid based on demand projections allows for reliable 
integration of more or larger loads. Forecasting demand projections is challenging and is one 
of the barriers of investment in microgrids [33]. Microgrids have the risk of being over- or 
undersized. Oversized microgrids increase the capital investment cost and produce unutilized 
excess energy [4]. Under-sized microgrids can lead to overloading and poor reliability [4].  
 
Microgrids can provide a high level of energy access compared to SHS, however they can be 
a large and investment in a developing countries rural community. With the increased 
adaptation of off-grid solutions such as SHS, the temporary on/off grid sector is growing and 
has a range of electrification quality based on the multitier framework measurement. An 
innovative solution is taking advantage of the fact that SHS are becoming more widely adopted 
and are able to provide people with a higher tier of energy access utilizing their existing 
systems. 
3 Swarm Electrification 
Swarm Electrification is a decentralized electrification approach where individual solar home 
systems (SHS) are linked together to form a DC microgrid [23]. Swarm electrification takes 
advantage of existing SHS in a community and links them with smart electricity meters to 
control power flow and allows excess energy trading between individuals [18].The swarm 
microgrid is scalable in capacity as it is DC based and has decentralized generation. If more 
SHS are linked to the swarm microgrid, the system increases in robustness and availability of 
power capacity. HHs without SHS can gain energy access by connecting their batteries to the 
swarm microgrid and purchasing excess energy from their neighbours [7]. The strategy of 
swarm electrification is to transition populations with low tier energy access to a higher tier 
with increased energy security.  
 
3.1. Evolutionary Electrification 
To implement swarm electrification, it is important to build on existing resources such as 
previously purchased SHS, diesel generators, batteries or other small-scale energy devices, 
to include all stakeholders that may possess some type of electrical equipment, as well as to 
ensure their commitment and acceptance. In addition, since a wide variety of electricity 
sources might be used, they must be compatible with the intelligent control units (e.g. biomass 
gasification, liquid fuel generators, micro-hydro, small-scale wind, etc.). For these reasons, 
the swarm electrification is the transitional phase of an evolutionary electrification approach 
that is presented in three phases: starting from a small-scale distributed generation, 
interconnecting this into a micro-grid, to eventually connect the micro-grid to a centralized grid. 
Figure 9 outlines main steps of the evolutionary bottom-up electrification process [6].  
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Figure 9 Evolutionary Electrification Strategy [6] 
3.1.1 Initial Phase – Isolated small-scale distributed generation 
The first phase is defined by HHs having stand-alone generation systems such as PicoPV and 
SHS. The advantages of small-scale energy systems are their low complexity and thus their 
dissemination to rural HHs can take place more rapidly and affordably when combined with 
end-user microfinancing [18]. Microfinancing is the practice of providing people small loans 
with required payback installments and periods that are affordable for the individual [18].  
3.1.2 Swarm Electrification – Autonomous Microgrid 
In the swarm electrification phase, the individual HH systems are connected step-by-step to 
form scalable DC microgrids. The individual HH systems are connected with a smart electricity 
meter that facilitates peer-to-peer electricity trade which reduces excess energy and gives 
users the opportunity to earn money real-time [6]. Swarm microgrids do not increase 
generation capacity but utilize surplus energy production not used by individual HHs [6]. As 
the swarm, a DC microgrid increases in number of SHS connections the excess energy 
increases power availability to the users connected as well as the network´s robustness [18]. 
The swarm grid can not only grow from a single SHS to a village based micro-grid, but extend 
to other villages and thereby create bottom-up regional or even countrywide energy networks 
[34]. 
3.1.3 Final Phase – Connection to Centralized Grid 
Once the autonomous swarm micro-grid has grown in size and in demand, it can be connected 
to the main national grid.  The last step of the swarm electrification process not only benefits 
rural electrified HHs by connecting them to the main grid, preventing overloading risks, but it 
can also benefit national utility companies by having a community distribution connection in 
place. Implementation of Phase 3 means connecting a medium to large number of users with 
a comparatively low investment [6].  
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3.2 Subsystem of Swarm Microgrid 
Swarm electrification of a system is based on the existing SHS in the field presently which 
includes PV panel, a charge controller, battery and the connected loads.  A swarm controller 
would be retrofitted to the existing SHS which would then link the participate to the swarm grid. 
The swarm controller allows for bidirectional power flow for the DC system by regulating two 
DC/DC converters through the measuring of voltages and currents on either side of the 
controller. This allows for the supply or drain of power from the grid as illustrated in figure 10 
[18]. 
 
 
Figure 10 Bidirectional flow of Swarm Microgrid [6] 
 
The meshed grid topology generally does not need to be planned as every participant can 
have as many as three interconnections to other participants. This characteristic enforces the 
concept of "bottom-up" electrification [6].  
 
Swarm controllers facilitate the purchasing and selling of excess energy in a swarm microgrid. 
This allows productive use of the electricity by giving the users an opportunity to gain income 
from selling their positive balance of energy. Participants in a swarm grid can buy electricity 
as they need it through the swarm controller. These transactions of buying and selling energy 
are read and recorded by the swarm controller [35].The opportunity to generate direct income 
from selling excess electricity encourages efficient energy use because as a user’s 
consumption decreases the more excess energy he or she has to sell  [6]. In this way, the 
“energy drivers” are empowered and gain control in meeting their own needs. It has been 
proven that user-centered technology design is more successful for sustainable and effective 
energy access models [36].   
3.3 Assessment of Swarm Microgrid 
The two main objectives of the swarm microgrid is to reduce excess energy by utilizing 
the existing resources to its full capacity and balance the energy supply and demand patterns 
of the system. To assess the performance of a swarm microgrid, a major characteristic to be 
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analyzed is the state of charge (SOC) and the electrical losses. By comparing the SOCs of all 
HHs, it can be determined whether a swarm grid is performing adequately.  If the swarm grid 
has no load switch-offs, all SOCs are highly charged and have similar distribution of the states, 
the performance is considered to be sufficient.  
 
To assess future planning of additional HHs or other loads, energy surplus/deficit need to be 
analyzed. The SOC, excess current and load profile are the key parameters in assessing 
future planning. If the SOC average is high, there is a potential for adding more electrical 
loads. As mentioned previously, peak loads tend to be in the evening for most HHs and in 
order to allow for more load integration into the system two design choices can be made. First, 
a load shift to during the day could strongly reduce the required generation capacity size by 
balancing out the electricity demand and supply. Second, increasing the generation capacity 
with either an additional battery system or with either a PV panel or diesel generation 
configuration. 
 
The swarm electrification model has limitations compared to a standard microgrid design when 
reviewing the ability to power larger electrical loads. Typically, microgrids during pre-design 
are calculated and sized to increase power use beyond SHS capacity. Microgrids are designed 
for increase energy demand over time and, in addition, handle larger instantaneous power 
draw for large applications such as milling. A swarm electrified system is dependent on the 
existing SHS cabling and voltage thresholds, thereby limiting the instantaneous power draw 
to the SHS parameters. The dependence on existing connections for a swarm electrified grid 
would limit that overall energy availability and system performance overall [18]. 
 
3.4 Swarm Microgrid Model 
The case study of Bochai colony for implementing the PEU appliance swarm microgrid 
integration methodology had to have a swarm microgrid design created and therefore had no 
meters installed to measure the operational characteristics of it. In this case, a swarm 
microgrid simulation was utilized to analyze the swarm microgrid performance and study 
results of the integration of the PEU appliance methodology. The program simulates the 
energy sharing of a DC swarm electrified grid and was coded by Marco Reiser and Michael 
Goette for a swarm electrification company called Solshare. The code is opening available for 
usage at GITHub: me-solshare. Marco Reiser has also published at Universität Stuttgart, 
Institut für Energiewirtschaft und rationelle Energieanwendungen his work is titled “Creation 
of a Python Model to plan energy capacities in energy systems with individual power 
generation”. For the inputs of the simulation, project data was used from an off-grid AC PV 
microgrid completed by Selco India. The specific project data information will be described in 
more detail in the case study chapter. The following sections will describe the input, outputs 
and an overview on the model’s properties, assumptions, and restrictions. 
3.4.1 Inputs & Outputs 
The inputs required to model a swarm grid are listed in table 1: 
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Table 1 Simulation Inputs 
 
 
The outputs from the swarm simulations are graphs with 15 minute intervals of the individual 
electricity consumption, power generation, excess energy, unmet demand, and energy 
sharing for each HH and the accumulative swarm grid. 
3.4.2 Model 
The demand consumption is simulated based on the load factors, day time, night time, and 
peak loading per HH which were all described in the demand assessment section previously. 
The sharing of energy is determined based on the decision methods of buying and selling 
energy per HH. The HH can make the decision to buy or sell energy and therefore their 
strategies would be directly inputted into the simulation. If the buying and selling strategies of 
the HHs are not available, then it is up to the designer utilizing the simulation to decide upon 
what these strategies will be. The Bochai colony energy sharing decisions were created based 
on logical assumptions explained in detail in the case study chapter.  
The energy production is dependent on the solar position, PV panel location and orientation, 
PV panel max power point (MPP), and the weather data.  The sun position is calculated based 
on the location and is required to calculate the solar azimuth angle.  
26 
 
 
Figure 11 Definitions of the Angles Describing the Position of the Sun [37] 
The solar azimuth angle along with the PV panel position is used to calculate the direct 
irradiance on the tilted surface as shown in figure 11 [38].  
The power production is then calculated from the solar irradiance as well as the open circuit 
voltage (Voc), short circuit current (Isc), current max power point (IMPP) and voltage max 
power point (VMPP) from the PV panel chosen [38]. The power production equations used in 
the simulation are the below equation 3. 
 
ܲ = ܸܯܯܲ ∗ ܫܯܲܲ ∗ ߟ       (3) 
This information is found on the data sheet of a solar panel which provides the IV curve (Isc, 
Voc, VMPP, IMPP) and an efficiency factor (η), with reference radiation (1000 W m2). The 
maximum power point is the operating state on the I-V curve, where the solar cell is most 
efficient. The course of the curve and therefore the position of the MPP depends strongly on 
the cell temperature and the irradiation intensity. In order to ensure operation at the MPP, the 
voltage of the cell is adjusted via a DC / DC converter between battery and solar panel 
become. 
 
The energy storage per HH and the accumulative swarm grid was modeled following the 
homer software tool methodology. The energy storage model used is the kinetic battery model 
illustrated in figure 12, where the battery is treated as a two-tank system [39].  
 
 
Figure 12 Kinetic Battery Model Concept [37] 
The model is used to calculate the battery’s maximum allowable rate of charge or discharge. 
The kinetic battery model describes how part of the battery’s energy storage capacity is readily 
available but the rest is chemically bounded. The rate of conversion between the available 
energy and chemically bounded energy depends on the “height” between the two tanks [37]. 
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The maximum capacity of the battery is the accumulative size of the available and bound 
energy. The capacity ratio of the battery is the ratio of the size of the available energy 
compared to the maximum capacity. The rate constant is the flow between the two tanks. This 
is utilized in the model to ensure the battery storage does not exceed its depth of discharge 
rate and creates the capacity curve for the battery. Table 2 highlights the limitations of the 
battery model with the listed considerations and their respected restrictions [13]. 
Table 2 Battery Model Limitations 
 
Considered Restrictions 
Decrease in capacity with increasing charge or 
discharge rates 
Sharp increase in voltage near at the end of charging 
Recovery in charge Sharp drop in voltage when the battery is nearly empty 
Increase of voltage with charging current and 
state of charge 
Temperature effects 
 
The actual simulation of energy sharing takes place in the calculation of the steady-state 
equations every timestep run. A timestep is 15 min intervals the calculation separates into the 
main process of one iteration of energy production, energy consumption, decision of the HH 
and the following energy distribution [13].  
The exchange of energy on the grid can be completed in two different ways:  
 
 An electrical optimization power flow where HHs that are closest and with desired 
energy excess are selected.  
 A simple sharing method which would be to utilize passive droop control were all HHs 
with excess energy have equal opportunity to exchange energy.  
 
The second option, droop control, was chosen for the case study because energy exchange 
should be fair, so all HHs have the equal opportunity to sell and buy energy. Droop control is 
based on current over a power line resulting from voltage differences over the lines [40]. This 
means the flow can be controlled by changing the voltage levels at the two ends of a power 
line. The current between two participants is regulated by the voltage level at the connection 
point to the grid and the line resistance. The contact point in this model is always the battery 
output. Therefore, the voltage level of every participant is defined by his battery voltage. 
 
For the simulation, energy pricing was not considered due to the complexity of determining 
fair energy prices based on type of energy (battery, direct solar, or excess) and time of day. 
Energy pricing would dramatically effect the energy exchanging strategy of HHs. It is difficult 
to predict how participants would exchange energy ignoring prices because of the behavior of 
people. For example, participants may sell energy when pricing is high or may sell energy to 
a friend at low pricing times as needed. Therefore, the results from this simulation can be 
taken as a good insight into PEU appliance integration into a swam electrified grid, but should 
not be taken as an exact solution. 
4 Solar Home Systems & Productive Energy Use 
The first objective of this paper was to determine the opportunities and limitations of PEU 
with SHS in order to better understand the practical usage of this technology used to 
decrease energy poverty in a developing country. The objective was to assess the benefits 
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and restrictions of SHS for PEU to then analyse if the swarm electrification strategy could 
take advantage of these benefits while overcoming the limitations.  
4.1 Stake Holder Interviews 
Stakeholder interviews of practitioners working directly and indirectly with sustainable energy 
technologies were conducted to gain understanding on the characteristics, opportunities, and 
limitations for SHS and productive activates. Specifically, nine electrification 
practitioners/consultants were surveyed, primarily regarding productive energy usages of SHS 
from their respective professional experiences and insights. A detailed table of responses can 
be found in Appendix I. 
Interviews were conducted with participants who each had their main operations in different 
continents in order to collect qualitative information on productive energy use of SHS in 
several developing countries.  
The interviews were regarding the following topics: 
 AsSOCiation with SHS (Direct/Indirect) 
 Geographical footprint of SHS implementation 
 Size and features of SHS implemented 
 Productive activities directly related to SHS 
 Future plans to foster more productive activities  
 Risks, barriers, and limitations asSOCiated with SHS and productive energy use 
The nine stakeholders’ company descriptions are listed below in table 3: 
 
Table 3: Stakeholder Company Descriptions 
Company Description  
Mobisol Develops and sells SHS for East Africa 
Tecnosol Dedicated to promoting the use of renewable energy, 
mainly solar energy. Its fundamental role is the design, 
consultancy, supply, installation, training and 
maintenance of renewable energy equipment. 
Phocos Manufacturer of solar-powered charge controllers and 
various components for off-grid power supplies.  
Selco Foundation Works to link the benefits of sustainable energy to 
poverty eradication by collaborating with NGOs, local 
financial institutions, education institutions and SOCial 
enterprises 
SOLshare Provides peer-to-peer solar energy trading platforms 
and pay-as-you-go solutions to low-income HHs. 
MicroEnergy International 
GmbH 
Consults microfinance institutions, energy product & 
service providers, international development actors 
and research institutions to set up clean energy 
microfinance schemes 
Selco India  Provides sustainable energy solutions and services to 
under-served HHs and businesses 
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4.2 Stake Holder Interview Results 
Stakeholders who were interviewed had practical experience with deep insights on SHS and 
productive energy uses. Interviewees were encourage at the beginning of the interview to give 
as much information as they preferred and without biases. Interviews with stakeholders were 
held over skype or in person and recorded for detailed note taken at a later time. All answers 
from the respondents were documented in an excel sheet which can be found in Appendix 1. 
4.2.1 Geographical footprint of Operations 
In order to understand the diversity of productive activates and benefits/limitations of SHS 
depending on location, stakeholders were asked their areas of focus. The answers were 
divided into continents to understand location specific productive energy uses and draw further 
conclusions on the limitations of SHS. Depending on the geographical location, such factors 
as availability of resources, access to microfinance institutes, labour skill, and availability of 
appliances fundamentally change the level and type of PEU. The results from the stakeholders 
showed electrification efforts are focused on the global south and even though the productive 
activities differentiate depending on location, the resulting opportunities and limitations are 
universal for all populations in developing countries. 
From the stakeholders, three were operating in several countries in a specific continent, four 
were focused on one country working towards national electrification, and two were working 
on sustainable energy projects in the global south. In Asia, stakeholders were active in India 
and Bangladesh with a strong focus on regional electrification. Whereas, stakeholders 
operating in Central America, South America, and Africa were engaged in SHS solution 
services on a national level spread across several countries. 
Figure 13 shows the geographical areas of focus for SHS distribution and implementation. 
The geographical focus areas are categorized by continents. 
 
 
Figure 13 Geographical Operation of Stakeholders (own creation) 
4.2.2 Size of SHS 
In order to understand the range of capacities most commonly used in developing countries 
for energy access, stakeholders were asked to draw upon their design and field experience to 
provide information. The answers were categorized based on geographical implementation 
and minimum, maximum, and most common capacities implemented or seen. Figure 14 is a 
graph illustrating the distribution of capacities in the respected continent or global operation of 
the stakeholder’s company.  
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Figure 14 PV Panel Size for SHS (own creation) 
From the graph, the interviewees from South America have a higher minimum SHS capacity 
but a lower maximum capacity compared to the other continents. Versus, Africa has an overall 
higher capacity for minimum, maximum, and most common. Factors mentioned previously 
such as resources availability and local industry would contribute to these differences but 
another major contributor that is simple to quantify would be the average HH size in rural areas 
of these geographical locations. There is a higher average HH size in Africa, Asia, and Central 
America compared to South America, hence the larger maximum capacity seen by 
stakeholders. Figure 15 shows the average HH number for the countries in which the 
stakeholders implement SHS solutions [41] [42] [43] [44]. Phocos operates Bolivia and 
Colombia; Tenosol operates mainly in El Savador, Honduras, and Nicaragua; Solshare 
focuses on Bangladesh; Selco operates in India; and Mobisol works in Ethiopia and Tanzania. 
MicroEnergy International operates in these countries as well as all global south countries but 
not all of the global south countries average HH population was considered due to the large 
amount of data. 
 
 
Figure 15 Average HH Sizes (own creation) 
Stakeholders working in Asia stated there were low minimum capacity SHS compared to other 
continents because of the very low income of the people. While this may be a large contributing 
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factor, there could be many SOCio-economic or political influences that could be creating 
these differences. However, this exceeds the scope of this thesis. From the multi-tier criteria 
table shown in figure 15, the SHS solutions implemented by stakeholders has a maximum 
energy access of tier 2 based on the capacity they provide.  
 
Once understanding the SHS capacity commonly seen, stakeholders were asked, based on 
their experience, if the populations asked for a larger capacity system after connection to the 
SHS.  Only two stated people from the area of their operation were not looking to upgrade 
their SHS after a certain period of time, as shown in figure 16. The two that stated people were 
not interested were operating in Bangladesh and further explained the financial situation of 
people was restricting and did not give them the opportunity to expand their systems.  
 
  
Figure 16 Desire to Increase Size of current PV SHS (own creation) 
4.2.3 Opportunities  
Interviewing the nine stakeholders on their experience on the opportunities provided by SHS, 
the following examples in table 4 were provided. These examples were then categorized 
based on the division of productive uses given by GIZ listed in section 4.1.2.  
Table 4 Opportunities listed from Stakeholders 
 
77.8%
22.2%
Desire to Upgrade Capactiy of 
System
Yes No
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The frequency of productive uses listed by interviewees are charted in figure 17. From the 
opportunities chart, it can be deduced the most common productive use provided by a tier 2 
energy solution would be lighting and phone charging.  
 
Figure 17 Opportunities of SHS (own creation) 
Future project plans towards fostering PEU appliances were asked of each interviewee. 
Stakeholders listed examples of appliances they planned to either directly offer to customers 
or design larger SHS to be able to facilitate these types of appliances. Table 5 categorized 
these future appliances listed into the GIZ PEU divisions. 
Table 5 Future PEU Foster Projects 
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4.2.4 Limitations of SHS 
Limitations experienced and seen of SHS were asked of the interviewees in regards to PEU 
in their operating locations. Answers from the stakeholders were categorized in table 6 based 
on fundamental challenges.  
Table 6 Limitations listed from Stakeholders 
 
Frequency of the categorized answers given were charted in figure 16. The lack of knowledge 
was a frequent limitation, which meant much of the population did not know how to fully and 
best utilize their SHS. However, the most dominate reason for PEU limitation of SHS was the 
power capacity of the energy access solution. 
 
Figure 18 Limitations of SHS (own creation) 
4.3 Conclusion 
The insights from the stakeholder interviews were similar in their perceived limitations of SHS 
and their future ambitions to foster PEU despite their varying geographical operations. The 
main limitation for fostering PEU, as mentioned previously, is the energy capacity of the SHS. 
The next most frequently stated limitations that follow were lack of knowledge of the energy 
drivers, financial support, and quality of components. These three limitations were a little more 
specific to the geographical location as highlighted in figure 18, however the global constant 
mentioned was lack of knowledge as a big contributor for limited PEU. It was explained that 
populations with SHS are not aware of the PEU appliances available or are not educated on 
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how to effectively use their system. The stakeholders gave the example of people not being 
conscious of using more electrical loads during the day rather than in the evening to utilize 
directly the sun energy. Instead, some would charge or use items in the evening, pulling from 
the battery adds in inefficiencies and possibly making the battery energy unavailable at a later 
time when it is needed.  Financial support was a more prevalent issue for stakeholders 
operating in Asia and South America, but still a global challenge. When asking stakeholders 
operating in Africa if financing PEU appliances or SHS were a restriction, their perspectives 
were that because of the projects being done by GIZ, African Development Bank (AfDB), and 
many Non-governmental organizations (NGOs) in Africa, microfinancing was more widely 
available for rural populations. Many projects were subsidizing microfinancing institutes in 
order to decrease upfront down payments and decrease interest rates for clients wishing to 
invest in SHS or clean PEU appliances. Asia operating stakeholders, explained that 
microfinancing for clean energy technologies was not a well-established service yet and found 
it challenging to convince some microfinancing institutes that energy technologies were a 
returning investment and not just a consumer good. Quality of components were more of a 
common occurring challenge seen by South American practitioners compared to others. When 
asked specifically in their experience why was the case, they described the issue of cheap 
quality components being offered, especially battery systems, and how the higher average 
temperatures in South America worsen the electrical performance of the battery system 
decreasing their life-span. In South America, with the SHS and clean energy technologies 
breaking down and performing poorly, stakeholders seen clients become discouraged to 
invest more or any of their finances into such sustainable technologies even though better 
quality technology was offered.  
 
Future plans of stakeholders for fostering more PEUs were not wide ranging but instead many 
solutions were overlapping and/or the same. All interviewees mentioned the GIZ catalog for 
PEU appliances and their ambition to foster these products. Specially, the most prevalent 
answers for future plans were on food processing, food production, and food storage services 
and products. Especially, milling machines or rice hullers for processing grains were a key 
product of increase for implementation planning in these practitioners’ operational areas. 
These types of PEU appliances were described as being highly positively impactful by 
stakeholders if implemented well. Understanding the local resources and businesses when 
planning future PEUs was a repeated and emphasized critical point made by stakeholders for. 
However, interviewees realized that do to the limited capacity of SHS, these types of PEU 
appliances are challenging to implement for a HH with a SHS already being utilized for lighting 
and other small tasks. Solutions suggested by interviewees were separate energy systems for 
PEU appliance such as a stand-alone SHS or diesel generation set but this would require 
more financing which is a challenge as previously mentioned. 
 
It is important to keep in mind that the results and conclusions from the stakeholders are from 
experienced practitioners in the private sector of sustainable energy development, but will 
have some unintentional biases. This is a limitation of the surveys conducted and for future 
research it would also have been interesting to interview energy planners in the public sector 
such as government members. However, no government member contacts in the field of 
sustainable energy development were known to the author of this paper and therefore were 
excluded from the research.  
 
The experiences and knowledge shared by stakeholders highlighted the importance of striving 
for technology solutions that are scalable and are tailored to local SOCio-economic conditions. 
These critical factors mentioned by interviewees are inline with IRENA’s description for 
successful sustainable energy development, but at the same time are the biggest challenges 
practitioners encounter. As formerly mentioned, two of the main pillars of sustainable energy 
development are financing and technology which encompass solutions tailored to local 
conditions, innovative scalable technology, control and demand-side management, and 
access to long term affordable financing. Although the solutions stakeholders commonly 
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implement are a step up the energy access ladder for rural populations, they still have 
challenges succeeding in these mentioned facets of sustainable development.  
 
Swarm electrification would be able to help overcome the challenge of restricted capacity by 
allowing HHs to trade energy when available and desired as well as increasing the scalability 
of the systems. A swarm microgrid also utilizes existing SHS and interconnects the systems 
based on local characteristics. The technology innovation of swarm electrification can help 
surpass the capacity limitations of SHS because of the energy sharing which allows for better 
and more effective energy usage. However, the challenges of financing, quality of 
components, and lack of knowledge would not be directly solved by swarm electrification. 
Existing SHS are utilized, thus, if the quality of the system is poor, then the swam performance 
will not be optimal. Possibly, the income and knowledge gained from selling excess energy 
would help HHs in the challenges of financing and education but these factors are outside the 
scope of this thesis. The focus will be the universal and main challenge of restricted capacity 
for income generating activities with SHS and if the excess energy of a swarm electrified 
microgrid could technically and economically operate a medium-sized PEU appliance for a 
community which is investigated in the following chapter. 
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5 Integration of a small- and medium- sized PEU load into Swarm 
Electrified Grid 
The excess energy available from a swarm electrified microgrid could be utilized to overcome 
the limitations for PEU activities of an independent SHS as identified in the previous chapter. 
The second key part of this research aims at developing a methodology for assessing if a PEU 
appliance could be technically and economically integrated into a swarm microgrid. As part of 
the research, the methodology was applied to a case study of Bochai colony for analysis. A 
small sized (under 1 kW) and medium sized (5 kW to 10 kW) PEU appliance were chosen to 
assess the robustness of the methodology. The PEU appliances are chosen as part of the 
methodology and will be described in detail in the following sections. The swarm simulation 
program described in section 3.4 was used to observe the performance of the Bochai colony 
swarm microgrid before and after implementation of the PEU appliances. Throughout the case 
study sections below the methodology and simulation results are being interpreted and 
assessed. As part of the methodology, the end section of this chapter will evaluate the 
economic feasibility of integrating the PEU appliance by considering its payback period. In 
addition, in order to better understand the implications of electrifying the Bochai colony 
following an AC centralized mini-grid vs. a swarm electrified mini-grid, a comparative economic 
analysis was completed.  
5.1 Methodology for Integrating PEU appliance 
The goal of this methodology is to assess the feasibility of integrating a small- and medium-
sized PEU load in a swarm electrified microgrid. The core process has the following steps: 
 
1. Evaluating the most appropriate/needed PEU appliance for the local area based on: 
a. Typical local industry (agriculture, fishing, tourism, etc.) 
b. Local resources and barriers 
c. Available appliances from GIZ Catalog 
2.  Determining the PEU appliances loading constraints: 
a. Energy consumption rate (Wh) 
b. Start-up current and requirement of specialized devices to facilitate start-up 
c. Operational voltage 
d. Stand-by time requirement 
e. Required operational time of day 
3. Gage the local daily energy demand curve of the swarm electrified grid over a year by 
examining: 
a. Daily consumption  – electrical loads at each HH and daily running time per 
load 
b. Peak load – For the sum of the loads in a local swarm grid when and how much 
is the maximum electrical demand 
c. Seasonal variation – Do appliances change from winter to summer or usage of 
PEU appliance 
4. Compute overall solar energy generation from swarm electrified grid by finding 
variables:  
a. Size (Wp) and characteristics of each PV system per HH 
b. Yearly Solar Irradiation of local site 
5. Analysis of excess energy in swarm electrified DC grid through assessing the following 
characteristics: 
a. Daily loading curve vs. generation curve over a year and measuring difference 
b. Size and capacity of each battery system per HH 
c. The swarm controller is able to read and record the buy and selling of excess 
energy for each HH 
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i. If local data is not available, a large but simple assumption can be 
made that HHs sell when SOC is above 80% and buy when battery 
is below 80%. This will be discussed further in the case study. 
d. Plot when HHs typically sell/buy over the over the loading vs. generation curve 
to view when excess energy is not being used 
e. Observe when and how much excess energy is available. In addition, observe 
where in the swarm topology the highest excess energy.  
 
After the above steps have been completed the characteristics of the swarm electrified grid 
were be understood and observed. Next to determine if the selected PEU appliance can be 
integrated into the existing system, the logical flow diagram (figure 19) was created and 
beginning at “start”.  
 
 Figure 19 Methodology for Integrating PEU Appliance into Swarm Microgrid 
 
 
    
First, the logical flow of the methodology finds the best location for the PEU appliance based 
on where in the topology is the highest amount of excess energy available during the desired 
hours of operation of the appliance. If there is no required time of operation for the PEU 
appliance, then logically the location with the highest amount of excess energy is best.  
 
Second, the excess energy available is compared to the PEU appliances requirements and 
how often the PEU appliance can be run based on charging the battery of the appliance 
whenever capable. This will be explained in detail in the case study chapter section about 
energy sharing. How much income that can be generated is calculated using the PEU 
appliance production rate and how often the appliance is operated. A simple payback period 
can be calculated by taking the income generated from providing goods or services each year 
subtracting the cost of the PEU appliance and its maintenance expenses. The payback period 
is the first year when the cumulative cash flow is zero [45]. The equations can be found below: 
 
Net Cash Flow Year 1 = Cash Inflow Year 1 - Cash Outflow Year 1 
 
Cumulative Cash Flow = (Net Cash Flow Year 1 + Net Cash Flow Year 2 + Net Cash Flow Year 
3, etc) 
 
If the payback period is unattractive, meaning below the desired payback period for the 
specified PEU appliance or if there is not enough excess to operate the PEU appliance, the 
would be to consider either additional PV arrays or a diesel generator. In order to assess which 
option is optimal, the required number of days to have an attractive payback period should be 
calculated and the excess energy should be observed to find the days with the highest 
consecutive excess energy. This way both the PV array and diesel generator can be minimally 
sized to top-up the PEU appliance’s battery system. The costs of both power systems should 
be calculated over the life-time of the PEU appliance and diesel prices for the local area should 
be calculated. After choosing the optimal choice for the PEU appliance power back up system 
a new payback period should be calculated. The payback period of this integration is then 
evaluated and if this is still unattractive, then the designer is told to reassess the PEU 
appliance by looking at other business alternatives for the local conditions or reassess the 
swarm grid at a later time. When to reassess is at the discretion of the designer, it could be 
for example when the grid has eventually expanded with more connections to populations 
SHS or went the PEU appliance has become less expensive.  
 
5.2 Bochai Colony, India: Community Case Study  
 
The methodology developed was then utilized on a case study of a colony in India called 
Bochai. Bochai colony was chosen as a case study because household consumption data for 
the existing swarm microgrid in Bangladesh done by Solshare was not yet available and Selco 
India was able to provide project data including household consumption from an AC microgrid 
project they completed a few years previously. As part of this research, a theoretical swarm 
electrified microgrid for Bochai had to thus be designed based on the data provided. However, 
the methodology was development considering the PEU appliance would be implemented in 
an existing swarm microgrid and not designed a new swarm microgrid with the focus around 
the optimal topology for PEU appliance integration. Therefore, the point of the research is not 
to create a swarm grid with an optimal topology for small or medium sized PEU appliance but 
to integrate it best into existing swarm that may not be ideally designed such as in reality. 
Furthermore, because the swarm microgrid was theoretical and had no measured 
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performance, a swarm model simulation had to be utilized to understand the excess energy 
performance. The inputs used in the swarm simulation program are explained in the below 
section.  
 
5.2.1 Background 
India has 79.2% of its population having access to electricity in 2014 [46]. The annual growth 
rate of electrification has been 2% in recent years, which suggests universal excess to 
electricity is achievable in the next decade, if technical and economic barriers can be 
overcome. Two-thirds of the population without access to electricity are located in North India 
near mountain ranges in Uttar Pradesh and Bihar. Approximately 220 million people without 
electricity live in rural areas where access to the central grid is economically and technically 
challenging due to the geographic barriers [23]. Even still, a survey conducted in 2015 across 
India found two-thirds of those who chose not to connect to the central grid did so because of 
the unaffordability or/and unreliability of the electricity [23].  
 
In India, off-grid solutions for electrification in rural areas are increasing in implementation and 
as of May 2014, India had 174 MW solar PV as well as approximately 750 microgrid systems 
installed [23]. Selco India, a national sustainable energy solution provider based out of 
Bangalore, has completed numerous AC Solar PV microgrids for small villages in rural areas 
of India [47]. Most recently an AC Solar PV microgrid project was designed and constructed 
by Selco India for a small colony called Bochai. Although this AC Solar PV microgrid was 
successfully implemented, this case study will utilize the same planning information but 
instead design a swarm solar PV microgrid. In addition, this case study intends to investigate 
the technical feasibility of using the excess energy from the swarm microgrid to run a PEU 
appliance to further increase the economic prosperity of the colony. The following sections will 
discuss the design considerations for Bochai, examine the performance of the swarm 
microgrid, and execute the methodology described in section 5.1 to implement the PEU 
appliance. 
 
5.2.2 Bochai Colony 
The Bochai colony village is located at about 40 km from the Munger town in the state of Bihar 
[47]. Figures 20 and 21 show the location and satellite view of Bihar. It has around 180 
residents accommodated in 33 houses. They are principally laborers and farmers working 
outside the village. Some of them also own agricultural land for growing wheat and are 
involved with farming.  
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Figure 20 Location of Bochai Colony (Google Maps) 
 
 
There are concrete as well as mud houses in the village. Most of the residents have agreed 
for local, decentralized energy system to provide for basic lighting loads. Although the 
transmission network is already in place, there is no grid connectivity to the village in the past 
10 years. There have been several attempts by the locals to approach the distribution 
company for the power supply, but to no avail [47]. Consequently, villagers use the diesel 
generator services available which for a single CFL light per house is about Rs 80 (1.24 USD) 
a month. Some of them also use kerosene lamps at similar cost [47].  
5.2.3 PEU Appliance: Wheat Milling Machine 
In the region of Bihar, the two main crops are rice and wheat as shown in figure 23 [48]. Based 
on the local industry and resources, wheat production was chosen as the focus for an income 
generating activity in Bochai. As discussed in the previous chapters, it is important to choose 
a PEU appliance based on local resources and businesses. In rural areas of India, it is typical 
to mill these types of cereals daily by hand for food preparation. Hand milling cereals is 
commonly done by women as well as children and is time consuming. Utilizing machines to 
Figure 22 Bochai Colony [41] Figure 21 Bochai Colony [41] 
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process crops saves time and ensures a better quality of product. Electric milling machines or 
fuel based milling machines are located in larger towns and therefore those living in smaller 
rural villages need to travel to process their crops. Traveling to nearby towns for processing 
not only is challenging but also adds to the cost of the crop. Diesel powered milling machines 
have a capacity of 25 to 1800 kg/day of grain and an average family consumes 2.5kg/day of 
flour in India [19]. 
 
 
 
Figure 23 Map of Major Crops in India [48] 
The PEU appliance chosen to be implemented in Bochai is a solar powered wheat milling 
machine based on the above information. The implementation of a solar powered milling 
machine in Bochai would reduce farmers cost and time on traveling to process wheat resulting 
in additional income. However, technical considerations that could be challenging in the 
implementation are the high start-up current required and deep discharge of battery system. 
A manual starter or a soft start device would limit problems occurring from high starting current. 
In order to prevent frequent deep discharge of the battery system a battery controller could be 
installed. 
 
A small sized wheat milling machine and a medium sized machine was chosen to investigate 
the implementation into the Bochai swarm grid [19]. The small milling machine came from the 
GIZ catalog and the medium sized milling machine information was taken from the datasheet 
of Solar Milling [49]. The small machine has a DC motor requiring 750W (If run for two 
hours/day = 1.5kWh/day) and the medium machine has an AC motor consuming 7.5kW [49]. 
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The small sized PEU appliance specifications is shown in Table 7. The medium sized PEU 
appliance specifications is shown in Table 8. 
 
Table 7 Small Sized Wheat Milling Machine Specifications [19] 
 
 
Table 8 Medium Sized Wheat Milling Machine Specifications  
 
Product Specifications 
Type of product Grain mill 
Type of grain Wheat 
Production Capacity per 
hour 
1050kg/hr 
Motor 7.5 kW 
AC/DC AC 
 
5.2.4 Demand Assessment of Bochai Colony 
 
The load profile for the 33 HHs in Bochai Colony is composed by electrical loads and 
asSOCiated hours of use listed in table 9. The future consideration for over-sizing the capacity 
is done on the assumption that 30% of the houses may go for TV and set-top box in the near 
future (10 out of 33 HH) [47]. Two cases of HH loading were categorized; Case 1 having two 
LED lights with one mobile charger and Case 2 having these electrical loads in addition to 
having a TV set. In addition, the peak demand for Bochai is 995W. 
 
Table 9 Bochai Colony Electrical Loads 
 
Load Number Power 
(W) 
Hours use 
(hrs) 
Total power 
(W) 
Energy 
(Whrs) 
5 W LED  lights 2 5 4 10.0 40.0 
5 W mobile charger 1 5 4 5.0 20.0 
TV + Set-top box 1 50 4 50 200 
 
Bochai approximate loading during the day and night was described by a field contact as the 
following [47]: 
 50% HH using lights for 5 hours in evening, others use lights for 4 hours 
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 Mobile phones being charged 1 hour in the afternoon and between 3-4 hours in the 
evening, but this is fairly random 
 50% of HHs with TVs will most likely use it for 4 hours in the evening, others use for 3 
hours 
With the above information given, this information was used for the energy demand 
assessment. The loading information was inputted into the simulation as described but 
changing the mobile charging times at random between 12-2:30 pm in the program.TV use 
was selected to operate at hours between 7-10pm with 50% of the HHs using it until 11pm. 
Use of lights was selected to operate between 6-10pm with 50% of the HHs using them until 
11 pm also in the morning from 6-7am for all HH. 
Seasonal variation in energy demand was not taken into consideration in loading due to lack 
of information.  
5.2.5 System Generation Design 
The SHS design was calculated utilizing equation 1 and equation 2 in chapter 2. The first 
consideration was to decide on the swarm microgrid DC voltage. The batteries chosen for 
consideration were 12V VRLA batteries from Coslight India. Coslight India was chosen as the 
vendor because it is an easily accessible local battery provider and was used for the AC solar 
PV microgrid completed by Selco for Bochai. Even though the VRLA battery was 12V,  the 
swarm grid was not chosen to operate at 12V DC but instead 48V DC. A swarm microgrid 
operating at 12V DC has limitation in connection distances and power transfer. The swarm 
microgrid design aimed to have a voltage drop ΔV no higher than 10% of the system voltage.  
Equations 4 and 5 were used to calculate the maximum current thus maximum power transfer 
that could flow at increasing distance with different cross-sectional areas of copper cables. 
ܫ௠௔௫ =
∆௏
ோ೗
          (4) 
ܴ௟ = ߩ
ଶ∗௅
஺
              (5) 
 
The resistance is calculated using the length, cross sectional area and electrical resistance of 
copper ρ (0.0179 Ωm/mm2). Table 10 shows the resulting maximum current transfer if the 
system was operating at 12V.  
Table 10 Maximum Current Transfer at 12V 
 
Cross Sectional Area 
[mm2] 
1.2 1.5 2.5 4 6 
Distance (L) [m] Imax [A] 
5 7.75 9.69 16.00 25.00 32.00 
10 3.88 4.85 8.08 12.92 19.38 
15 2.58 3.23 5.38 8.62 12.92 
20 1.94 2.42 4.04 6.46 9.69 
30 1.29 1.62 2.69 4.31 6.46 
40 0.97 1.21 2.02 3.23 4.85 
50 0.78 0.97 1.62 2.58 3.88 
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If a Case 2 HH desired to purchase energy to run their electrical loads, 65W of power transfer 
would be required and if operating at 12V, approximately 5.42 A would be needed. This would 
result in limiting connection distance between HHs to at most 30 meters as shown in Table 
11. The HHs in Bochai range from a few meters distance to 100 from each other and for the 
swarm grid to have successful power transfer with minimum losses, a higher voltage than 12V 
is required. The HH distance and topology will be described further in section 5.3.5. 
Furthermore, in order to have a more active rather than passive energy transfer it was 
recommended to set the system voltage to 48V rather than 12V based on the swarm microgrid 
performance implemented by Solshare in Bangladesh [50]. 
Once the system voltage was chosen, the battery size for each HH was calculated first based 
on the electrical loading cases and Equation 2. Case 1 and Case 2 battery sizing calculations 
are shown below: 
Table 11 Battery Sizing Characteristics 
Characteristics Case 1 
(23 HH) 
Case 2 
(10 HH) 
Daily Electrical Load 
(Wh) 
60Wh 260Ah 
Minimum Days of 
Autonomy 
3 3 
Calculated Battery Size 
(Ah) 
11.77 38.24 
Vendor Available 
Battery (Ah) 
50 50 
Model Number 6-GFM-
50X 
6-GFM-
50X 
Battery Voltage 12 12 
Number of Batteries 2 2 
 
The number of autonomy days for the battery system was decided from weather data for 
Munger and recommendations from swarm microgrid designers in Bangladesh [50]. The 
batteries chosen were from the same vendor Selco India chose, which was Coslight india. 
They are easily accessible in the region, however Coslight´s minimum battery size for a 12V 
system is 50Ah, meaning Case 1 has oversized batteries.  
 
For the PV panel sizing for a Bochai HH, Equation 1 was used. The efficiency of the system 
was assumed to be 65% [25]. The PSH was taken from the NREL map as an average from 
the yearly solar irradiation for the region where Bochai colony is located shown in figure 24. 
For the simulation, the PV panel orientation was selected to be true south and the tilt for the 
panels was chosen to split the HHs into thirds and have them tilted at -10˚, 0 ˚ and 10 ˚. The 
solar data was taken at 1 hr time data for Munger from NREL [51]. One year (2011) was 
chosen over 10 years because over a 10-year period, the values are averages of solar 
irradiation and do not have large fluctuations like what would occur in reality thus worst-case 
days of minimal solar irradiation are not seen. With the one-year solar data these very low 
solar days were present and the program could simulate the worst-case scenarios. 
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Figure 24 Annual Average Solar Irradiance in India [51] 
The value taken was 5.0 kWh/m2/day and used in Equation 1 to calculate the PV panel size 
with it’s asSOCiated characteristics as shown in table 12. 
Table 12 PV Panel Sizing Characteristics 
   
Characteristics Case 1 
(23HH) 
Case 2 
(10HH) 
Daily Electrical Load 
(Wh) 
60 260 
Battery Bank Size (Ah) 50 50 
PV Panel Size (W) 80 80 
Voltage Open Circuit (V) 21.6 21.6 
Current Short Circuit (A) 4.78 4.78 
Vendor EMMVEE EMMVEE 
5.2.6 Designed Topology for Bochai Swarm Microgrid 
The AC solar PV microgrid topology of the village completed by Selco is shown in figure 23. 
Mapping of the village was done using an Android tracking app, to give a clear idea of village 
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geography. The red lines are the aluminum backbone distribution cable and the yellow are the 
service drop distribution cables. The PV panel was positioned at 25°20'20.5"N 86°42'50.0"E.  
 
 
Figure 25 Centralized AC Topology [47] 
 
The swarm topology would have to be different because for HH to transfer energy there would 
be large voltage drops due to the lack of interconnections of HHs and distances and operating 
at low voltage DC instead of AC. Equation 6 highlights the energy losses occurring from large 
connection distances.  
 
ETotal loss [Wh]  =  ∑ ܫ݆݅ଶ ∙  ρij ( ୪୧୨
୅୧୨
)  ∙  ∆t ∙ ( ଵ
ଷ଺଴଴
)௡௜௝    (6) 
I – Current [A] 
ρ – electrical resistance properties [m*Ω] 
E – Energy [Wh] 
Δt – Time difference [seconds] 
A- Cross-sectional Area [m2] 
l – length of cable [m] 
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For example, from figure 25, if HH 1 wanted to transfer energy to HH 27, it would have 
approximately a distance of 120m along the transmission and distribution lines. Therefore, the 
topology had to be redesigned for a swarm microgrid. 
 
For a swarm microgrid because of the distributed generation the design of the topology is 
more demanding and rigorous due to the numerous generation points and the asSOCiated 
sizes. To complete an optimized topology for a swarm microgrid is a multivariable optimization 
where several factors are critical in achieving a topology with minimal electrical losses. 
Electrical loading for Bochai community as a whole is known but not the specific HH electrical 
loading location and because the SHS is sized the same for the HHs, trying to optimally solve 
the best electrical connections can be left aside. Instead, the topology can be designed to 
have the most amount of connections with the shortest distances to each HH. A constraint is 
that the device used to connect the HH, the Solbox, has a maximum of 3 connections. 
Furthermore, based on table 13, a 1.2 mm2 copper conductor was chosen because it is easily 
available and satisfies the energy transfer without a voltage drop of above 10% the nominal 
voltage for up to 40 meters. Therefore, another constraint is the maximum distance of 40 
meters between HH connections.  
 
Table 13 Maximum Current Transfer at 48V 
 
Cross Sectional Area 
[mm2] 
1.2 1.5 2.5 4 6 
Distance (L) [m] Imax [A] 
5 33.22 41.26 68.08 108.31 161.94 
10 17.13 21.15 34.56 54.67 81.49 
15 11.77 14.45 23.39 36.79 54.68 
20 9.08 11.09 17.80 27.85 41.27 
30 6.40 7.75 12.21 18.92 27.86 
40 5.06 6.07 9.42 14.45 21.16 
50 4.26 5.07 7.75 11.77 17.13 
 
Finding the shortest path between HHs is a classic problem of a proximity analysis and was 
solved by iteratively finding the shortest distance between all pair of nodes in the network. Any 
connections longer than 30 meters and any HHs with more than three connections were 
rejected. Figure 26 shows the resulting swarm microgrid topology for Bochai for the purpose 
of this analysis.   
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Figure 26 Swarm Microgrid Topology (own creation) 
5.2.7 Energy Sharing Scheme 
The energy sharing scheme for Bochai was decided upon based on the maximum DoD for the 
batteries and the two different scenarios of day time vs. night time energy sharing. The two 
different scenarios are the following: 
Scenario 1: Day time 
 Charge battery until full 
 Run loads off PV panel directly 
 Sell when battery is full 
 Buy if State of Charge (SOC) is less than 80% (70% for Case1 HH) and Loads are 
running from PV panel 
 When SOC is below 50% cut off load 
Scenario 2: Night time 
 Run loads off battery 
 If SOC is above 80% (70% for Case1 HH) offer to sell 
 If SOC is below 80% (70% for Case1 HH) bid to buy 
 When SOC is below 50% cut off load 
As mentioned previously, the price of energy was not included in the simulation due to the 
complexity of determining division of energy price. The energy sharing scheme chosen is 
based purely on logical energy decisions not considering price or unpredictable human 
behaviour. The HH was also assumed to only take from their own battery if no one was offering 
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from the grid. The demand strategy for the HH was to asses what was available from the grid 
and then take what it needed or as much as possible to charge their battery. 
The simulation of excess energy trading for Bochai colony was programed to first satisfy the 
energy demands of the HHs and then, if there is still excess energy, to supply the PEU 
appliance.  
5.3 Simulation Results  
The results from utilizing the methodology for Bochai colony are interpreted in the below 
section. As discussed in section 3.4, the swarm model program that was coded for Solshare 
was used to view the theoretical Bochai swarm microgrid performance and simulate the PEU 
appliance integration effects. The simulation randomly selected the locations of the electrical 
loading cases in order to have it unbiased and because the locations were not specified 
previously. Figure 27 illustrates the placement of the HH electrical loading cases as 
determined by the program. 
 
 
Figure 27 Location of Electrical Loading Cases for Initial Swarm Simulation (own creation) 
5.3.1 Yearly Excess Energy/Unmet Demand Comparison 
The highest solar irradiation day in Mungar region was April 31 (2011) with 958 Wh/m2   and a 
resulting PV panel watt peak production of 66 Wp. First, the simulation was run without any 
energy excess sharing between HHs in order to observe the energy excess and deficient days 
of the community. Figure 28 is from the simulation outputs which shows the excess energy 
and unmet demand of the HHs without energy sharing. There are 31 days in the year where 
HHs do not have their energy demand met. 
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Figure 28 Excess Energy/Unmet Demand of Stand-alone SHS for Bochai Colony (own creation) 
Second, the simulation was run with energy sharing with the parameters previously described 
in section 5.3.6. Figure 29 shows the resulting excess energy/unmet demand of the HHs which 
has greatly improved to only 4 days of unmet demand in the year compared to the HHs being 
independent. 
 
Figure 29 Excess Energy/Unmet Demand of Swarm Grid (own creation) 
The decrease of unmet demand days to 4 for Bochai community is directly associated with 
the opportunity HHs have to share excess energy. The largest common energy exchange was 
with Case 1 HHs who had more excess energy because of their low electrical demands and 
thus could transfer their excess energy to the Case 2 HHs.  
5.3.2 Swarm Microgrid Excess Energy Days  
Viewing closer the performance of the Bochai Colony on days when there is constant excess 
energy, it is notable to see the various amounts of excess energy between HHs due to the 
differentiating daily electrical loads. On the excess energy days 64 to 68 (March 6-10) of the 
swarm microgrid, as shown in figure 30, the maximum excess is approximately 59 Wp. 
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Figure 30 Excess Energy Days (own creation) 
Figure 31 shows the associated generation graph to the excess energy days where the peak 
production is 66 Wp from the PV panel systems per HH. 
 
Figure 31 Power Production on Excess Energy Days (own creation) 
Days 64-68 in the area of Bochai have the power generation is approximately the same for 
all HHs in the community. 
5.3.3 Swarm Microgrid Unmet Demand Days 
The lowest unmet demand days are around June which is the monsoon rainy season in India. 
Figure 32 provides a closer look at the worst unmet demand day of the year which was on the 
evening of day 169 (June 18th). 
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Figure 32 Unmet Demand Days (own creation) 
The associated energy production graph is shown in Figure 33 where day 168 had the highest 
solar production of 22 Wp and day 169 of 35 Wp. The energy production on day 168 was not 
enough to directly power the electrical loads in the HH with solar energy during the day and 
therefore energy had to come from the HHs´ batteries.  
 
Figure 33 Power Production on Unmet Demand Days (own creation) 
The state of charge of the HH batteries is shown in figure 34 where, at the evening of day 169, 
the HH SOC goes to 50% DoD and the electrical loads for Case 2 HHs are then cut off. On 
the very low energy production days, the HHs continue to pull from their batteries and the SOC 
as highlighted in figure 32. Case 1 electrically loaded HH are at the top half of the SOC graph 
where their demand is met and they trade with the Case 2 HH until 80% DoD and then begin 
charging their batteries again. 
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Figure 34 State of Charge on Unmet Demand Days (own creation) 
 
5.3.4 Integration of PEU Appliance 
It is desired to have as many connections as possible with the shortest distance for the 
integration of the PEU appliance in order to have maximum access to excess energy from 
HHs and also minimize energy losses due to voltage drop over long connections. At the same 
time, the PEU appliance should be connected to HHs with the most amount of excess energy 
available. It would be ideal to find a location with the highest density of HHs with a relativity 
high amount of excess energy compared to the rest of the community. This location may not 
be practically feasible if there is some restriction on land access or if the PEU appliance is 
specific to a HH´s business and not to the community. As mentioned previously, it is important 
for the designer to consider local conditions before integrating. In the Bochai community case, 
since the electrical loading of the HH was not specified per location, it was assumed that the 
highest density of HH would therefore have the most excess energy available if electrical loads 
were unknown. The impact of not knowing specifically the location in the topology where HHs  
had what electrical loading case, limits the type of electrical optimized design that can be done. 
Keeping this in mind, the PEU appliance was placed in the middle of the swarm topology 
towards the most concentration of HHs connected to HH 7,11,12, 25 and 26 with a 10mm2 
conductor cross sectional area. Thus, the new topology has two sizes of conductor the HH 
connection with 4mm2 and PEU appliance connection of 10mm2. Node 34 in Figure 35 shows 
the placement of the PEU appliance.  
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Figure 35 Topology with PEU Appliance (Own Creation) 
From section 5.3.3, batteries were sized for the PEU appliances to have a one day autonomy 
and a running time enough to feed the village and then sell the surplus processed wheat. 
Table 14 lists the electrical loading characteristics of both the small and medium sized PEU 
appliance. 
Table 14 PEU Appliances Electrical Load Information 
 Small Sized Medium Sized 
Daily Electrical Load 
(Wh/day) 
1500 7500 
Operational Time (Hr) 2 1 
DC Voltage of Battery 24 24 
Required Battery (Ah) 125 735.3 
Vendor Battery 
Available (Ah) 
130 750 
 
For the two different simulations of the PEU appliances demand management logic was used 
and it was chosen to operate them in the evening because during the day the PEU appliance 
would take any available excess energy to slowly charge their batteries. 
5.3.5 Small Sized PEU Simulation Results  
The small wheat milling machine was implemented into the swarm microgrid of Bochai with a 
total of 31 days not being able to operate because of the low SOC for the battery support and 
deficient energy. In theory, the small wheat milling machine could process 33400 kg of wheat 
over the year. As mentioned previously the simulation randomly selected the locations of the 
electrical loading cases in order to have it unbiased and because the locations were not 
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specified previously. Figure 36 illustrates the electrical loading case placement in the swarm 
microgrid and figure 37 shows the year performance of the small PEU appliance. 
 
 
Figure 36 Location of Electrical Loading Cases for Small PEU Appliance Simulation (own creation) 
 
Figure 37 Small PEU appliance Excess Energy/Unmet Demand (own creation) 
There were only 7 days continuous of deficient energy and not being able to run the wheat 
milling machine in the month of January (India’s winter). The SOC of the batteries in the village 
is shown in figure 38. The red line at the top of the SOC graph (HH33) is the PEU appliance 
performance.  
57 
 
 
Figure 38 Small PEU Appliance SOC (own creation) 
On high solar irradiation days, it can be seen the SOC of wheat milling machines battery is 
constantly high and available for usage as shown in figure 39. 
 
Figure 39 Small PEU Appliance SOC High Solar Irradiation Days (own creation) 
On low solar irradiation days, as shown in figure 40, the SOC of the wheat milling machines 
battery is not able to charge back above 80% DoD and at day 177 the electrical load has to 
be cut off when it reaches 50% DoD. 
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Figure 40 Small PEU Appliance SOC Low Solar Irradiation Days (own creation) 
The battery reaches full SOC again on day 182. During the course of the whole year, there is 
a maximum of 9 consecutive days where the SOC is lower than full. It is good not to have 
the battery below full SOC for more than two weeks in order to not degrade the capacity of 
the battery over time.   
5.3.6 Medium Sized PEU Simulation Results 
The medium wheat milling machine was implemented into the swarm microgrid of Bochai with 
a total of 43 days of operation because of the high solar irradiation and abundant excess 
energy available to charge the battery. In theory, the medium wheat milling machine could 
process 45150 kg of wheat over the year. Again, the simulation randomly selected the 
locations of the electrical loading and is shown in figure 41. Figure 42 shows the year 
performance of the medium PEU appliance. 
 
 
Figure 41 Location of Electrical Loading Cases for Medium PEU Appliance Simulation (own creation) 
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Figure 42 Medium PEU appliance Excess Energy/Unmet Demand (own creation) 
The demand of the medium sized wheat milling machine is not being satisfied, therefore the 
machine cannot operate and is on standby until enough excess energy is available to charge 
it’s system´s battery above 50% DoD, so it can operate. The SOC of the battery system for 
the PEU is the bottom red lines (HH 33) in figure 43. 
 
Figure 43 Medium PEU appliance SOC (own creation) 
The medium sized wheat milling machine does not reach full SOC, which means the life-
span of the battery would be reduced. The days with the highest solar irradiation and thus 
highest excess energy available are between days 50 to 100. On these days, the medium 
sized PEU appliance is able to run constantly but maintains a low SOC. The SOC of the 
battery system is not able to reach 100% over the year which means over time the battery’s 
capacity will degrade and decrease its performance. The affects on the battery system’s life 
span based on the SOC when integrating the PEU appliances was not investigate as part of 
this research. For future research, this affect on performance could be analysed. Figure 44 
and 45 highlight days 50 to 100 to show the excess energy/unmet demand of the PEU 
appliance and the SOC graph. 
60 
 
 
Figure 44 Medium Sized Appliance Excess Energy/Unmet Demand High Solar Irradiation Days (own 
creation) 
 
Figure 45 Medium Sized Appliance SOC High Solar Irradiation Days (own creation) 
5.3.7 Limitations and Assumptions 
The limitations of this model and assumptions were of the following: 
 Seasonal demand changes 
 Change of electrical loading patterns 
 Operation of PEU appliance only in the evenings for 1-2hrs consecutively 
 Energy buying and selling prices ignored 
 dc/dc converter losses (10%) were neglected 
 -10˚, 0 ˚, 10 ˚ pv panel tilt 
 Solshare’s swarm simulation program had no feature yet to integrate a diesel generator 
model yet it’s being done in the next year 
5.3.8 Evaluation of PEU Appliance Integration  
A key objective of this research was to create a methodology for integrating a PEU appliance 
into a swarm microgrid, both technically and economically. As part of the methodology, an 
evaluation of the economic feasibility of integrating the PEU appliances is done by considering 
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their payback period. The price of wheat flour in Bihar region of India where Bochai is located 
is $0.37/kg (USD) [52]. An attractive payback period for a wheat milling machine would be 
under 3 years [53]. It was stated previously that the average household family consumes 
2.5kg/day of wheat flour. Therefore, approximately 30112 kg/year could be deducted from the 
production available to generate income. A simple payback period was calculated, as shown 
in table 15, for the small and medium sized PEU appliances implemented. 
 
 
Table 15 Simple Payback Period Calculation 
 Small Sized Medium Sized 
Cost of Appliance ($ 
USD) 
3250 [19] 5000 [49] 
Days of Operation/Year 334 44 
Production/Year (kg) 33400 46200 
Product Available for 
Selling/Year (kg) 
3288 16088 
Income Generated/Year 
($ USD) 
1216.56 5952.56 
Maintenance Frequency 
of PEU (years) 
4 [19] 4 [49] 
Simple Payback Period 
(years) 
2.7 1 
 
 
The payback for the small and medium sized PEU appliances have attractive payback periods 
under 3 years. No additional energy sources were required for either PEU appliances to have 
effective integration (under 3 year back pack period). Since the number of years before 
maintenance is required is greater than the desired payback period, maintenance costs were 
not considered for the simple payback period calculation. Technically, both PEU appliance 
sizes were successfully integrated but economically the medium sized appliance has better 
performance. The small wheat milling machine was essentially available any time of year over 
than the rainy season in Bihar. However, even though the total operational days for the 
medium sized appliance is 44 days during the year and during the highest solar irradiance 
months, the theoretical production of wheat flour would be higher than the small sized wheat 
milling machine. The possible income that could be generated from the surplus wheat flour 
from the medium sized wheat milling machine is higher than the smaller appliance and has a 
payback period of one year. Since the medium sized appliance has a very small payback 
period, it could be possible to extend the availability of the appliance by investing more capital 
into the integration and adding a PV panel just for the PEU appliance. Nevertheless, there is 
a significant assumption that the amount of raw wheat required to make this product will be 
available during the time of processing. In addition, another assumption is the community 
would process many kilograms of wheat for a consecutive 1hr or 2hr (depending on the size 
of device used). In reality, large amounts of raw wheat will most likely be available during the 
summer in Bihar and if not requested to use the PEU appliance during specific hours, people 
will process their wheat at random times. Furthermore, many factors including droughts could 
lower the available raw wheat and production could not be as high. Therefore, although the 
medium sized appliance has a very low payback period, it is theoretical and thus before further 
investment into the increased availability of the medium sized appliance, an investigation into 
the region´s historical and predicted annual wheat production would be prudent. This being 
said, under the considerations and assumptions of this research, both the small and medium 
sized PEU appliances for Bochai were technically and economically successfully integrated. 
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5.4 Comparative Economic Evaluation of Proposed Solution 
In addition to studying the feasibility of integrating a small or medium sized PEU appliance 
into Bochai colony swarm microgrid, a comparative economic analysis between Selco’s AC 
PV microgrid and the designed swarm microgrid for Bochai was completed. The comparative 
economic analysis of the AC PV microgrid compared to the swarm electrified microgrid for 
Bochai was calculated in order to further understand the capital cost investment between the 
two solutions. Although this was not one of the key objectives, the paper revolves around 
understanding that swarm electrification is an innovative alternative to AC microgrids for rural 
areas in developing countries. Therefore, with the opportunity to access real project data from 
an AC microgrid, this research completed a high-level assessment of the capital investment 
of a AC centralized off-grid compared to a swarm electrified solution for Bochai. In addition, 
Selco India provided electricity price each household would be charged based on their 
electrical loads. In the theoretical swarm microgrid for Bochai each household would have 
their own SHS and then become interconnected. Technically, the electricity would be free for 
the household, but instead a large capital investment for the SHS would be required. Due to 
the low-income status of the community, it would be challenging to purchase a system upfront. 
Therefore, microfinancing would be an affordable alternative for the population to eventually 
own the systems. The microfinancing institutes would pay for the SHS and charge a monthly 
fee with interest to the people who would eventually buy the SHS from the microfinancing 
institutes. This electricity price from the AC PV microgrid was compared to the monthly fee to 
be paid to the microfinancing institutes. 
5.4.1 Cost Comparison of AC vs. Swarm 
 
The material list for the AC PV microgrid project was provided by Selco India, but without costs 
included. The approximate material pricing and maintenance costs for the AC PV microgrid 
was provided by Mathew Wright, senior electrical engineer working for over 10 years at an 
electrical utility who designs AC PV microgrids in Canada. Pricing in Canada would be higher 
compared to India, however the purpose of this analysis is to get an order of magnitude cost 
estimate for the comparison understanding. The resulting investment cost was summed for 
the AC PV microgrid and is shown in figure 46. 
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Figure 46 Material List for AC PV Microgrid (own creation) 
The material pricing and maintenance costs for the theoretical swarm microgrid in Bochai 
colony was provided by Setu Pelz, the head of the department for Solshare and shown in 
figure 47. 
 
Figure 47 Material List for Swarm Microgrid (own creation) 
The swarm microgrid and AC PV microgrid are in the same order of magnitude for capital 
cost. The AC PV microgrid designed by Selco is seen to be higher costs compared to the 
swarm electrified microgrid but as previously mentioned, due to uncertainties in pricing, 
Cost ($USD/W) or Unit Cost Cost ($)
Solar Module (EMMVEE, 72 Cells) 300 Wp, 24 V 6 0.60 1080.00
MMS 300 Wp, 1M 6 5.00 30.00
Solar Battery 150 Ah, 12 V 8 6.00 1800.00
Powerone PCU with MPPT, SPCU-M 2 kVA, 48 V 1 100.00 100.00
Copper Cables red+black (M-B) 4 sq.mm. 15 4.00 60.00
Copper Cables red+black (B-B) 16 sq.mm. 10 4.00 40.00
Copper Cables red+black (M-M) 4 sq.mm. 20 4.00 80.00
Earthing Cable 10 sq.mm. 25 3.00 75.00
AJB with MCB (Greensol)
3 IN, 1 OUT (With M.O.V. 
150 V) 1
5.00 5.00
Battery Rack 150 Ah X 8 (2 stacks of 4 
batteries) 1
40.00 40.00
Earthing Kit  2 5.00 10.00
AC LED Tube light Promptec PAHL-601-K6-5W 5 W, 230 Vac 66 0.50 33.00
Distribution/Load Side MCBs (Double Pole) 10 A, 230 Vac 2 25.00 50.00
Aluminium Transmission wiring (system to poles) red+black 4 sq.mm. 250 7.50 1875.00
Aluminium Service wiring (poles to houses) red+black 1.5 sq.mm. 400 5.50 2200.00
Poles with GI coating 4 m 8 100.00 800.00
Pole clamps + Insulator set  8 10.00 80.00
4 hole PVC spacers  300 0.20 60.00
House pole 1m 33 10.00 330.00
Meters+Limiters  8 25.00 200.00
Double Pole MCBs (For Household Side) 6 A, 230 Vac 33 25.00 825.00
Distribution box with fuses  1 0.01 0.01
Copper, 1.5mm2, 1C (red+black)  165 4.00 660.00
Copper, 2.5mm2, 1C (red+black)  165 4.00 660.00
1/4in PVC pipe (3m)  33 0.20 6.60
1/4in pipe clamp  165 0.20 33.00
1/4in PVC bend  33 0.20 6.60
1/4in PVC T  33 0.20 6.60
1/4in PVC corner  33 0.20 6.60
1xSwitch + Socket + Gangbox  33 0.20 6.60
11159.01
Percentage of Material Cost
0.15 1673.85
0.20 2231.80
0.10 1115.90
0.10 1115.90
17296.47
0.05 864.82OPEX
Total Material Cost
Financial Metrics
Equipment
CAPEX
Engineering, Procurement, Construction and Management
Plant Commissioning 
Assembly & Installation
Site Access
Development
Cost ($USD/kW) or Unit Cost Quantity/Length Cost ($)
PV Panel (80 Wp) 0.7 33 1848
Solbox 30 33 990
Copper 4 650 2600
Lead Acid (50Ah) 1.5 33 2475
DC/DC Converter 7 33 231
8,144.000
Percentage of Material Cost
0.10 814.400
0.10 814.400
0.10 814.400
CAPEX 10,587.200
OPEX 0.005 52.936
Financial Metrics
Equipment
Assembly & Installation
Site Access
Development
Total Material Cost
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these numbers are for understanding. The electrification solutions are comparable in pricing 
and satisfy the electrical loading needs of the community, however swarm electrification has 
the added social benefit of empowering the community [32]. As mentioned in the pervious 
chapter on swarm electrification, with the added ability to buy and sell energy, population 
with swarm electrification become energy drivers rather than just consumers. The 
operational expenditure (OPEX) for Selco’s AC microgrid which would include maintenance 
and operation was taken to be 5% of the capital expenditure (CAPEX) again which is an 
approximation taken from Canadian utility. The swarm microgrid OPEX is 0.5% of the 
CAPEX because of the minimal maintenance required for a swarm microgrid which was 
describe by the contact at Solshare. An approximate cost of electricity of both off-grid 
solutions was calculated from the sum of the CAPEX and OPEX divided by the PV capacity 
built as shown in table 16. The cost of electricity is lower compared to the AC microgrid due 
to the lower capital cost but as previously described this is just to highlight the two solutions 
are relatively comparable in cost. It is assumed that both systems would require battery 
replacements after 8 years and is included in the OPEX. For more details on the calculation 
see appendix. In reality, a swarm microgrid would be designed for a community with SHS in 
place and therefore it would not be correct to calculate the cost of energy based on existing 
capacities. 
Table 16 Cost of Electricity for Off-grid Solution 
 Selco AC Microgrid Swarm Microgrid 
CAPEX ($USD) 17296.77 10587.20 
OPEX ($USD/year) 864.82 52.94 
Life of Microgrid (years) 25 25 
Total Cost Over Life 
Time ($USD) 
19525 14052 
Capacity Factor 15% 16.7% 
Installed Capacity (kW) 2.0 2.6 
Total Generation Life 
Time (kWh) 
45762 67251 
Levelized Cost of 
Electricity ($USD/kWh) 
0.43 0.20 
5.4.2 Microfinancing vs. Monthly Fee 
The AC PV microgrid designed by Selco would charge households a monthly fee based on 
their electrical loads. Whereas, if the swarm microgrid for Bochai was implemented 
households would have to instead pay back a microloan with interest to a microfinancing 
institute for their SHS. The electricity monthly tariff fee for households connected to the Selco’s 
AC microgrid is shown in table 17. 
 
Table 17 Selco Monthly Fee for AC Microgrid 
Electrical Loading No. HH Wh/Day (per HH) Wh/Month $/Month 
Case 1 23 60 1830 1.56 
Case 2 10 260 7930 6.24 
 
Microfinancing for clean technologies (ie. energy efficient PEU appliances, clean cooking 
stoves, etc) has grown rapidly over the past few years. In 2015, nearly half of the USD 41.8 
billion in microloans for clean technology went to renewable energy, with India and China 
leading the expansion [54]. Each country has different standards for annual interest rates and 
payback periods on microloans, thus to gain insight on India’s practices Raluca Dumitrescu, 
a lead constant at MicroEnergy International (MEI), was interviewed. Annual Interest rate of 
20% is composed of the nominal risk-free rate, default risk premium, liquidity premium, and 
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the maturity premium [55]. Table 18 shows the results of utilizing MEI’s tool for calculating 
microfinancing loans in India. 
 
Table 18 MicroEnergy International Loan Design Tool Outputs for India 
Total Cost of SHS 200 (USD) 
Down Payment 30% 
Annual Interest Rate 20% 
Repayment 
Frequency/Year 12 
Loan Period 36 months 
Payment/Month 4.50 (USD) 
 
From the two tables above, households with larger electrical loads would benefit more from 
owning their own SHS and becoming part of a swarm electrified microgrid then compared to 
paying the electricity tariff fee from the AC PV microgrid. However, those with lower electrical 
loads would economically benefit more from being part of the AC microgrid done by Selco. If 
households with lower electrical loads increase their electricity demand, which is a high 
possibility, then again they would benefit more from microfinancing their own SHS.  
6 Conclusion & Outlook 
Rural populations in developing countries with no or poor energy availability remain confined 
in poverty with inadequate means to improve their situation. Negative effects of dependence 
on traditional fuels such as health problems, time-consuming fuel collection and gender 
inequality can be reduced by achieving SDG 7. The success of a well implemented sustainable 
technology and solutions for energy access can be measured utilizing the Multi-Tier 
Framework and should result in the solution being adopted easily into the daily life of rural 
communities. Binary measurement of electrification is no longer adequate with the increase in 
off-grid solutions being implemented, hence the Multi-Tier Framework helps to also quantify 
all scales of electrification including those in the “temporarily on/off grid sector”. Measurable 
productive activities such as production or goods and services, and qualitative productive 
activities such as increased access to up-to-date information are consequences of leaving 
energy poverty and/or stepping up the energy tier ladder.  Additional income generated is 
linked to the increase in standard of living and quality of life of a community. Indirectly, 
decreasing expenses on traditional consumable fuels bring additional savings to communities 
that can also foster improved quality of life. Solar energy technologies can create new 
business opportunities, help improve established small to medium sized businesses and 
profitability may increase through improved production rates, higher quality and greater 
diversity of services and products, thereby creating additional options for income generation 
in rural communities [19]. Individual SHS offer critical advantages for those with no or 
restricted energy access, but also have a number of limitations. The benefits of microgrids are 
that they can offer higher availability and quantity of energy to it’s users, providing populations 
with the opportunity to develop productive activities. However, as previously mentioned, 
microgrids can be expensive and sometimes a risky investment in sparsely populated areas. 
The temporarily on/off grid sector has a range of tier electrification, and is a growing sector as 
more populations adopt off-grid solutions. SHS in communities are increasing and swarm 
electrification is taking advantage of this fact. Through its innovative solution of interconnected 
SHS, it can provide people with a higher tier of electrification without the need to expand 
installed capacity. The swarm network increases usage flexibility and reliability as well as 
productive and efficient use of energy by allowing users to easily access to small productive 
power appliances, such as a rice huller or ice machine [6]. The methodology created for 
accessing the technical and economical feasibility for integrating PEU appliances into a swarm 
microgrid was applied to the Bochai Colony. Both small- and medium-sized wheat milling 
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machines were successfully integrated into the swarm microgrid system under the 
assumptions and considerations of the simulation. Although, the battery system of the 
medium-sized load would decrease in capacity over time due to the large periods without it 
being fully charged. Future research could include investigating the effects of the PEU 
appliance on the SOC of the battery system and how this alters the life-span and performance 
of the battery, thus affecting the capital cost and payback period. In addition, it would be 
interesting to further test the robustness of the methodology by implementing it for an 
operating swarm microgrid.  
 
Swarm electrification is an innovative alternative to AC off-grid microgrid techniques. If 
implemented completely new, it is comparable in order of magnitude costs as seen in the case 
of Bochai colony. If HHs electrical loading is tier 2 or below, it is possibly more beneficial for 
populations in developing countries to utilize micro-financing schemes to own their own SHS 
being interconnected to a swarm, rather than paying electricity. In the case of Bochai colony, 
micro-financing was an advantageous alternative, but local socio-economic conditions should 
be assessed in each case.  
 
The methodology and case study on integrating a small and medium sized PEU load into a 
swarm electrified grid is based on a non-electrically optimized swarm grid. Future research 
could analyze a planned or existing swarm grid and optimize it in order to save on costs and 
potentially integrate more PEU appliances in an efficient manner. In addition, PEU appliance 
integration needs to consider grid stability and control. With such a large load it is important to 
have a control scheme, in order not to draw too much energy at one time. Future research 
could also analyze pricing of a swarm electrified microgrid’s energy possible based on the 
type of energy and time of day. For example, solar energy during the day from a PV panel 
may be cheaper compared to energy being sold in the evening by a battery. The selling of 
energy would be considered an additional income generating activity for the HHs participating. 
Research could also investigate how to model demand growth projections to propose 
recommended expansion strategies for swarm grids. 
The investigation and conclusions from this research have been shared with Selco India and 
Solshare. As a result, Selco is completing further investigation to integrate a wheat milling 
machine for the community of Bochai with the existing AC microgrid. In addition, Solshare will 
be in contact with Selco India to possibility implement swarm electrification for future rural 
electrification projects in India. 
 
 References 
 
[1]  S. Vinci, "ACCELERATING OFF-GRID RENEWABLE ENERGY," IRENA, Abu Dhabi, 2017. 
[2]  Dolf Gielen, Ruud Kempener, Michael Taylor, Francisco Boshell and Amr Seleem, "IRENA 
Letting in the Light," 2016. [Online]. Available: 
https://www.irena.org/DocumentDownloads/Publications/IRENA_Letting_in_the_Light_20
16.pdf. [Accessed April 2017]. 
[3]  S. Szabo, "Energy solutions in rural Africa: mapping," ENVIRONMENTAL RESEARCH LETTERS, 
p. 9, 1 July 2011.  
[4]  S. a. G. G. Rolland, Hybrid Mini-grids for Rural Electrification: Lessons learned, Brussels: ARE, 
2011.  
[5]  D. Lecoque, "The Productive Use of Renewable Energy in Africa," European Union Energy 
Initiative, Eschborn, 2015. 
[6]  S. Groh, Swarm electrification: suggesting a paradigm shift through, Berlin, 2014.  
[7]  J. v. d. S. B. E. L. D. G. W. L. F. &. D. M. K. S. Groh, Decentralized Solutions for Developing 
Economies - Addressing Energy Poverty Through Innovation, Berlin: Springer, 2015.  
[8]  S. PV, Stand-Alone PV Systems, Barcelona: Polytechnic University of Catalonia, 2017.  
[9]  V. Quaschning, "Understand Renewable Energy Systems," June 2005. [Online]. Available: 
http://altenergiya.ru/wp-content/uploads/books/common/understanding-renewable-
energy-systems.pdf. [Accessed 2017]. 
[10]  S. Francioso, "Multi-criteria decision model for Swarm Electrification," École Polytechnique, 
Paris, 2016. 
[11]  P. Hollberg, Swarm grids – Innovation in rural electrification, Stockholm, 2015.  
[12]  A. M. L. Torre, "Optimization of Grid Operation and Resources in Bottom-Up Swarm 
Electrification," Hochschule foer Technik und Wirtschaft Berlin, Berlin, 2016. 
[13]  M. Reiser, "Creation of a Python Model to plan energy capacities in energy systems with 
individual power generation," Universität Stuttgart, Institut für Energiewirtschaft und 
rationelle Energieanwendungen, Sttuttgart, 2017. 
[14]  IEA, "World Energy Outlook," 2014. 
[15]  U. Nations, "Sustainable Development Goals," 2017. [Online]. Available: 
http://www.un.org/sustainabledevelopment/sustainable-development-goals/. 
68 
 
[16]  AGECC, "Energy for a Sustainable Future," Secretary-General's Advisory Group on Energy 
and Climate, New York, 2010. 
[17]  IRENA, "RE thinking Energy 2017," IRENA, Abu Dhabi, 2017. 
[18]  S. Groh, The Role of Access to Electricity in Development Processes - Approaching Energy 
Poverty through Innovation, Aalborg, 2015.  
[19]  German Cooperation, Catalogue PV Appliances for Micro Enterprises, Berlin: GIZ, 2016.  
[20]  G. Cooperation, "PV appliances for productive use," in Catalogue PV Appliances for Micro 
Enterprises, Berlin, GIZ, 2016, p. 23. 
[21]  ESMAP, "Beyond Connections Energy Access Redefined," The World Bank Group, 
Wastington, 2015. 
[22]  M. Soshinskaya, "Microgrids: Experiences, barriers and success factors," Renewable and 
Sustainable Energy Reviews, vol. 40, pp. 659 - 672, 2014.  
[23]  Dolf Gielen, Ruud Kempener, Michael Taylor, Francisco Boshell and Amr Seleem, "Letting in 
the Light," IRENA, Abu Dhabi, 2016. 
[24]  S. C. Bhattacharyya and D. Palit, "Mini-Grids for Rural Electrification of Developing," 
Springer, New York, 2014. 
[25]  IEEE, IEEE Guide for Array and Battery Sizing in Stand-Alone Photovoltaic (PV), IEEE, 2008.  
[26]  "Hybrid Mini-Grids for Rural Electrification: Lessons Learned," Alliance for Rural 
Electrification, 2011.  
[27]  S. C. B. a. D. Palit, "Mini-Grids for Rural Electrification of Developing," New York, 2014. 
[28]  EUROBAT, "Battery energy storage for rural electrification systems - Guidance," Brussel, 
2013. 
[29]  IEEE, IEEE Recommended Practice for Sizing Lead-Acid Batteries for Stand-Alone, IEEE, 2016, 
p. pp. 1–55. 
[30]  M. Stiebler, "Wind Energy Systems," in Wind Energy Systems for Electric Power Generation, 
Berlin, Springer, 2008, p. pp. 81–113. 
[31]  S. Windpower, Technical Especifications Wind Turbine Whisper, 2006.  
[32]  H. Kirchhoff, The Swarm Electrification Concept, Berlin: Research Group Microenergy 
Systems, 2013.  
[33]  Gershenson, D., Tilleard, M., Cusack, J., Cooper, D., Monk, A., & Kammen, D., Increasing 
Private Capital Investment into Energy Access: The Case for Mini-grid Pooling Facilities, New 
York: 2015, 2015.  
[34]  A. Medici, Swarm Electrification with power BLOX, Medici Engineering GmbH, 2015.  
69 
 
[35]  M. Goette, Interviewee, Consultant at Solshare. [Interview]. 02 May 2017. 
[36]  G. C. S. T. Tenenbaum B., "How Small Power Producers and Microgrids Can Deliver 
Electrification and Renewable Energy in Africa," The World Bank Group, Wastington, 2014. 
[37]  J. Manwell, "Lead acid battery storage model for hybrid energy systems," Research Gate, 
Amherst, 1993. 
[38]  V. Quaschning, Understanding renewable energy systems, London: Earthscan, 2007, p. 50. 
[39]  P. G. a. P. L. Tom Lambert, "Micropower System Modeling with Homer," Homer, 2006. 
[Online]. Available: 
http://www.homerenergy.com/documents/MicropowerSystemModelingWithHOMER.pdf. 
[Accessed 2017]. 
[40]  L. Strenge, "Modeling and simulation of a droop controlled swarm type low voltage DC 
microgrid in a DAE framework," Technische Universitat Berlin, Berlin, 2015. 
[41]  M. B. Research, 2014. [Online]. Available: 
http://www.arcgis.com/home/item.html?id=eddd7f7baeca4eedbc4e2dc56fdf98ba. 
[Accessed 2017]. 
[42]  M. B. Research, "ArcGIS," 2014. [Online]. Available: 
http://www.arcgis.com/home/item.html?id=a20339a590124c3e92e0527a5da2eefa. 
[Accessed May 2017]. 
[43]  M. B. Research, "ArcGIS," 2014. [Online]. Available: 
https://www.arcgis.com/home/item.html?id=bda04062e562493290cd7f1aaeea3682. 
[Accessed 2017]. 
[44]  M. B. Research, "ArcGIS," 2014. [Online]. Available: 
http://www.arcgis.com/home/item.html?id=4e49785697eb4bf1b583974b9035b606. 
[Accessed 2017]. 
[45]  P. W. Farris, N. T. Bendle, P. E. Pfeifer and D. J. Reibstein, Marketing Metrics: The Definitive 
Guide to Measuring Marketing Performance, New Jersey: Pearson Education, 2010.  
[46]  T. W. Bank, "The World Bank," 2014. [Online]. Available: 
http://data.worldbank.org/indicator/EG.ELC.ACCS.ZS. [Accessed May 2017]. 
[47]  S. Alexander, Interviewee, Chief Techical Officer. [Interview]. 20 March 2017. 
[48]  "Library of UTexas," 1973. [Online]. Available: 
http://www.lib.utexas.edu/maps/middle_east_and_asia/india_crop_1973.jpg. [Accessed 
May 2017]. 
[49]  "Medium Scale," Solar Milling, 2017. [Online]. Available: http://solarmilling.com/medium-
scale/. [Accessed 30 May 2017]. 
[50]  S. Eyhorn, Interviewee, Chief Techincal Officier. [Interview]. 3 April 2017. 
70 
 
[51]  M. Sengupta, "NREL International Activities," 2012. [Online]. Available: 
http://www.nrel.gov/international/ra_india.html. [Accessed 05 2017]. 
[52]  Chandigarh, "Wheat flour price hardens Rs. 3-4 per kg in Punjab, Haryana," The Hindu, 2 
December 2016. [Online]. Available: http://www.thehindu.com/news/cities/Delhi/Wheat-
flour-price-hardens-Rs.-3-4-per-kg-in-Punjab-Haryana/article16091304.ece. [Accessed 20 
May 2017]. 
[53]  N. P. C. Services, Market Survey cum Detailed Techno Economic Feasibility Report, Delhi: 
NPCS, 2015.  
[54]  International Energy Agency, "India Energy Outlook," International Energy Agency, Paris, 
2015. 
[55]  R. Dumitrescu, Interviewee, Consultant. [Interview]. 2 May 2017. 
[56]  "VRLA Solutions," Coslight India, 2017. [Online]. Available: 
http://www.coslightindia.in/solution-vrla-agm-shwrum.php. [Accessed 05 May 2017]. 
[57]  S. A. Chowdhury, "Off-grid rural area electrification through solar-diesel hybrid minigrids in 
Bangladesh: resource-efficient design principles in practice," Journal of Cleaner Production, 
pp. 44-52, 2015.  
[58]  IEEE Recommended Practice for Electric Power Distribution for Industrial Plants, 1998, p. pp. 
1–768. 
[59]  IED, Low Carbon Mini Grids - Identifying the gaps and building the evidence base on low 
carbon mini-grids. London, UK: Department for International Development, London: DfID, 
2013.  
[60]  M. B. Research, "ArcGIS," 2014. [Online]. Available: 
http://www.arcgis.com/home/item.html?id=92c55745fa134793af5022004e13d801. 
[Accessed May 2017]. 
[61]  JuWi, "Solar WirtSchaft," JuWi, 2015. [Online]. Available: 
https://www.solarwirtschaft.de/fileadmin/media/pdf/intersolar2013/3-Juwi-
Fuel_Rauer.pdf. [Accessed 28 05 2017]. 
[62]  Onnan Corporation, "Sales literature on Onan generators, including "Gensize 96" software 
for sizing generator sets," Onnan, Minneapolis, MN, 1996. 
[63]  A. S. a. O. G.-B. Francisco Diaz-Gonzalez, Energy Storage Power Systems, Barcelona: Wiley, 
2015.  
 
 
 
  
71 
 
Appendix  
From the stakeholder interviews the figure (own creation) below illustrates the percentage 
that work directly with SHS and the percentage which did not. 
 
The stakeholders provided information on the range of capacities for SHS that were typically 
seen in their area of operation. The figure below (own creation) shows the minimum, most 
common (mode), and maximum capacities see for households in rural areas. 
 
 
 
The below table (own creation) is the summary of survey answers from the stakeholder 
interivews.
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The following system configuration was finalized for Bochai Colony by Selco India for 
the AC centralized off-grid system.  
System Configuration 
PV Array Capacity 1.8 kW 
Battery Sizing 300 Ah 
Inverter Rating 2 kVA, 48 V 
 
 
The monthly rates are for the daily energy consumption for 4-5 hours, based on which 
the system is designed. 
Package per HH Fixed monthly payment per HH (INR)* 
2 x 5 W LED light + Mobile Charger 100 
3 x 5 W LED light + Mobile Charger 150 
2 x 5 W LED light + Mobile Charger + 
TV +Set top box 
 
400 
 
* Estimated monthly payment based on past projects and cost of system infrastructure 
 
Below plots are from Coslight VRLA Battery System Data Sheet [56]: 
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Cost and Generation Over Life Time of Microgrid Solution: 
AC Selco Microgrid Costs and Generation 
 
Swarm Microgrid Costs and Generation 
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